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Brendan Brooke

Lord Howe Island, Southwest Pacific Ocean

"The general geology of Lord Howe Island is extremely simple, but the
details are more complicated"

R. Etheridge Jnr., 1889 (p.l 12), in the first detailed report on the geology and geomorphology
Lord H o w e Island.

"/ am seeking the truth, young man"
Rev. Walter Howchin, pioneering geologist of South Australia, in response to the demand of a farmer
wishing to know w h y he was down a well on his property (from Sprigg, 1989, p. 7).

Abstract
Lord H o w e Island is a remote subtropical island in the Tasman Sea, situated 700 k m eastnortheast of Sydney. It is composed of Miocene basalt and outcrops of aeolianite, a
bioclastic limestone deposited as dune units with subordinate beach, palaeosols and reefal
units. This thesis investigates the chronostratigraphy of the aeolianite, identifying a far
longer Quaternary record of dune emplacement on the island than has been reported in
previous studies. This study also reveals that the major periods of dune emplacement on the
island are linked to glacio-eustatically controlled sea-level highstands. Past studies of the
island have concluded that the dunes which comprise the aeolianite formed during periods
of low sea level around the time of the Last Glacial M a x i m u m , w h e n the broad shelf
surrounding the island was exposed.

The aeolianite comprises two lithostratigraphic formations, the Searles Point Format
the N e d s Beach Formation. This classification revises the previous proposed
lithostratigraphy of the aeolianite which recognised only a single formation. The
diagenetically-mature lower unit, the Searles Point Formation, consists of well-cemented
dune units comprising red algal, molluscan, micritic and recrystallised grains with minor
proportions of foraminiferal and volcanic grains. Major units within the formation are
capped by well-developed, clay-rich palaeosols. The upper formation, the Neds Beach
Formation, comprises mostly very pale-brown, lightly- to moderately-cemented dune and
beach units which exhibit only minor diagenetic alteration. Most units of this formation
exhibit a mix of skeletal grains similar to that observed in the Searles Point Formation. The
Neds Beach Formation includes several outcrops of beach deposits that record open coastal
environments. T h e beach units are considerably more extensive than has previously been
recognised. This study shows that the major aeolianite ridge on the island is predominantly
composed of dune units of the Neds Beach Formation. Both the bedding structures within
and the shore-aligned orientation of the ridge suggest m u c h of the deposit was emplaced as
a source-bordering transverse dune.

The Neds Beach Formation includes two members, the Middle Beach and Cobbys Corner
Members. The Middle Beach M e m b e r is characterised by white dune units with a major
proportion of miliolid foraminiferal grains and rare volcanic grains. This is distinct from the
Cobbys Corner M e m b e r which comprises dune units with a major proportion of volcanic
grains and brown micritic cement. The two members represent distinctly different shoreline
environments on the east and west coasts that appear to have existed during the Last
Interglacial.

ii
Geochronological determinations using the uranium-series (U/Th), radiocarbon ( A M S
14

C ) , thermoluminescence (TL) and amino acid racemisation ( A A R , mollusc and "whole-

rock") techniques provide reliable chronologies for the lithostratigraphic units and help
correlate disjunct outcrops. Speleothems from the Searles Point Formation range in age
from approximately > 350 ka to 95 ka and dune and palaeosol units range from
approximately 274 ka to 201 ka. Speleothems, corals, aeolianite and fossil land snails from
the Neds Beach Formation range in age from -125 ka to > 40 ka.
Allostratigraphic mapping of the aeolianite indicates up to nine major phases of dune
building in contrast to previous studies which recognised two phases. During each phase
the emplacement of dunes was followed by a relatively long period of pedogenesis. These
cycles of sedimentation have occurred since the Middle Pleistocene or possibly earlier. The
Middle Beach Alloformation outcrops at all the main sites except North Bay and represents
the final phase of Pleistocene dune sedimentation on the island, probably occurring at the
end of oxygen isotope stage 5.
As on the islands of Bermuda and the Bahamas, most dune units on Lord Howe Island
appear to have been emplaced during periods of high sea level in the Middle and Late
Pleistocene. D u n e emplacement occurs predominantly after the sea has flooded the
platforms surrounding the islands during interglacials. Thus, carbonate sedimentation is
linked to global eustatic changes in sea-level. In contrast to Bermuda and the Bahamas,
during the last glacial cycle on Lord H o w e Island, aeolianite appears to have been more a
product of sea-level highstands during oxygen isotope substages 5c and 5a rather than
substage 5e, when sea level was approximately 20 m below present. During these periods,
the island was surrounded by a shallow sea, 10 - 30 m deep, that formed a highly
productive Heterozoan subtropical to temperate carbonate province.

The stratigraphic and geochronological findings presented in this thesis show Lord How
Island possesses a long record of Quaternary coastal environments. This mid-ocean record
provides important new palaeoenvironmental information for the southwest Pacific.
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Thesis Introduction

This investigation examines in detail the stratigraphy and age of aeolianite on Lord H o w e
Island in the Southwest Pacific Ocean. The work reveals that the aeolianite is genetically
linked to sea-level highstands. The thesis demonstrates that past periods of dune formation
on the island are linked to phases of shallow-marine carbonate production and the build up
of beach deposits during sea-level highstands. Detailed geochronological data are presented
which when considered in light of the morphology of the shallow submarine platform that
surrounds the island, and the sea-level record for the last two glacial cycles, indicates that
large coastal dunes have most likely formed during interglacial periods when sea-level is
slightly below the peak of the interglacial highstand. These findings contrast with past
studies of the aeolianite on Lord H o w e Island which have proposed that the fossil
carbonate dunes accumulated during periods of low sea level (Glacial events). The earlier
studies are reviewed and reveal that their geomorphological interpretations were based on
unreliable geochronological evidence and limited stratigraphic control. Previous
investigations were influenced by theories of aeolianite genesis that invoked reworking of
exposed marine sediments during the Last Glacial.
Previous studies of the aeolianite on Lord Howe Island concluded that most of the dune
units were formed after a fall in sea-level during the Last Glacial. The fall in sea-level was
thought to have resulted in exposed shallow-marine sediment on the platform surrounding
the island being reworked by strong winds into mobile dunes (Standard, 1973; Squires,
1963; Mattes, 1974, Sutherland and Ritchie, 1977; McDougall et al, 1981). This theory
was also previously proposed for aeolianite in Western Australian (Teichert, 1947, 1967;
Fairbridge and Teichert, 1953; Fairbridge, 1995) and Bermuda (Sayles, 1931). Although
this theory was subsequently shown to be incorrect for the aeolianite on Bermuda (Bretz,
1960; Land et al, 1967; H a r m o n et al, 1983; Vacher et al., 1995), aeolianite on the coast
of Western Australia includes dune units that were emplaced during glacial periods
(Playford, 1988; Kendrick et al, 1991) of intense aridity and high winds and thus reveals
a far more complex picture for the timing and modes of origin of aeolianite. The detailed
chronostratigraphic findings presented here indicate that the Bermuda record provides a far
better analogue for the aeolianite development on Lord H o w e Island than do the aeolianite
outcrops of Western Australia.

The world's best-defined aeolianite succession of Bermuda was first interpreted as the
product of sea-level fluctuations induced by cycles of glaciation by Sayles (1931).
However, the key observation on Bermuda of foreshore beds grading into dune foreset

Thesis Introduction

2

bedding and thereby linking aeolianite with sea-level highstands, rather than glacial
lowstands (Sayles, 1931), was first reported by Bretz (1960). Numerous subsequent
investigations of aeolianite on Bermuda have revealed that the aeolianite preserves a record
of cyclical accretion of shallow-marine carbonate in coastal dunes during interglacials of
the Middle and Late Pleistocene, when sea level was similar to the present (e.g. Land et
al, 1967; Vacher. 1973; H a r m o n et al, 1978, 1981, 1983; Hearty et al, 1992). Coastal
carbonate deposits with a similar genesis have also been identified on the Bahamian Islands
(e.g. Garret and Gould, 1984; Carew and Mylroie, 1987, 1989, 1995; Hearty and
Kindler, 1993; Kindler and Hearty 1995; Hearty, 1998). Numerous investigations of the
Coorong coastal plain of South Australia have revealed a similar chronostratigraphy in a
sequence of elevated shore-parallel coastal barriers (e.g. Sprigg, 1952; Schwebel, 1984;
Huntley et al, 1993, 1994; Belperio etal, 1996; Murray-Wallace et al, 1998). Although
it will be shown that there are some variations in the m o d e and timing of carbonate
accumulation at different locations, the disparate aeolianite successions record the accretion
of dunes as a component of a beach system during interglacial periods. The successful
stratigraphic and geochronological methods that have been applied to these aeolianite
deposits are adopted in the present study as a means of revealing whether there is a genetic
link between interglacial periods, dune formation and subsequently the development of
aeolianite on Lord H o w e Island.

In the previous studies of the aeolianite on Lord Howe Island very few measured section
were described (Standard, 1973; Squires, 1963; Mattes, 1974, Sutherland and Ritchie,
1977; McDougall et al, 1981). A s a consequence of limited stratigraphic control in what
the present study shows to be a relatively complex succession, and the use of conventional
lithostratigraphic analysis, the older dune units below the Last Interglacial beach unit at
Neds Beach were not correctly mapped. The long sedimentary record preserved within the
aeolianite, therefore, was not recognised. Geochronological investigations in the earlier
studies were limited to the application of the radiocarbon ( 14 C) method (Squires, 1963;
Mattes, 1974; Kaplin, 1981). In the present study the 1 4 C ages obtained in the earlier
studies are shown as most likely the products of contamination of the samples by trace
levels of modern carbon, and the 'true' ages of the samples appear to be beyond the range
of the 1 4 C method.

The thesis includes reviews of a number of relevant strands of geological and geographi
literature to provide a context for, and background to the stratigraphic and geomorphic
interpretations presented. The character of the present-day environment of Lord H o w e
Island is examined to provide an environmental overview that is useful in interpretations of
palaeoenvironments based on the chronostratigraphic data.
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In the present investigation a variety of field and laboratory methods were employed that
reveal the sequence and timing of the emplacement of aeolianite deposits on Lord H o w e
Island. In order to resolve the stratigraphic relationships of the major units, detailed
mapping w a s undertaken and lithostratigraphic and allostratigraphic methods of
classification suitable to investigations of Quaternary aeolianite were used.
Lithostratigraphic mapping was based on distinct differences in the lithological character
(the product of both the granular composition and lithologic features induced by cumulative
diagenesis) and sedimentary structure of large-scale exposures. Allostratigraphic units
were delineated by pedogenic horizons, with major allostratigraphic units bounded by
well-developed palaeosols.

The composition and diagenetic character of the major lithostratigraphic units were fur
assessed and the lithostratigraphic interpretations were verified through an examination of
thin sections of representative examples of sediment from the major units. A multiplemethod dating program was adopted in this study to provide important checks on the
reliability of the age estimates of the different lithostratigraphic units. Accelerator Mass
Spectrometry radiocarbon ( A M S

14

C ) and the uranium-series (U/Th) methods were

employed to provide reliable ages for fossil snails, corals and relict speleothems collected
from aeolianite exposures. A s the aeolianite on Lord H o w e Island is predominantly
composed of carbonate grainstone units which are difficult to date due to the absence of
suitable macro fossils, thermoluminescence (TL) and amino acid racemisation ( A A R )
dating methods were used.

This thesis is arranged such that the geological evolution of Lord Howe Island is review
in Chapter 1 based on available literature. The review presents the background framework
to the interpretations of the geomorphological features of the island in Chapters 3 and 7,
and the surrounding submarine platform in Chapter 7. The review examines the influence
of crustal cooling on the island's long-term stability as well as its tectonic and isostatic
stability. These findings are relevant to the palaeoenvironmental reconstructions in Chapter
7. The present-day environment of the island is then examined and shown to be dominated
by its mid-ocean setting. The island setting, at the confluence of w a r m and temperate ocean
currents, is shown to indicate that climatic change m a y have a considerable impact on the
island's development.

Chapter 2 will present a global review of the literature on the geography and stratigrap
aeolianite as a framework to evaluate the genesis of similar deposits on Lord H o w e Island.

In Chapter 3, aeolianite on Lord Howe Island is shown to be characterised by assemblages
of dune and subordinate beach and palaeosol units that form complex successions. Several

Thesis Introduction

4

disjunct outcrops on the island are described, with the number and form of units evident in
the successions varying considerably between the major exposures. T h e stratigraphic
relationships of these deposits reveal the m o d e of emplacement of the dunes and record
several significant phases of dune accretion. The aeolianite comprises two lithostratigraphic
formations. T h e firmly established stratigraphic framework provides the opportunity to
thoroughly test the utility of applying several dating methods to these types of deposits.

Petrological features of samples from a range of beach and dune units are examined in
Chapter 4. T h e diagenetic characteristics and granular composition of these samples is
shown to be consistent with the lithostratigraphic relationships of units that are identified in
Chapter 3. Significantly, the diagenetic characteristics of samples from different units are
found to be the product of variations in the duration of meteoric diagenesis that the samples
have undergone. Chapter 4 also presents an analysis of the compositional data of aeolianite
samples and reveals distinct compositional differences between samples from different
hthostratigraphic units. T h e petrological investigations also provide a fundamental basis to
assess the veracity of the "whole-rock" method of amino acid racemisation dating to the
island's aeolianite succession, the subject of Chapter 6.
The reliability of previously determined 14C ages for the aeolianite on Lord Howe Island,
reviewed in Chapter 2, is further tested in Chapter 5. The A M S

14

C and U/Th techniques

are applied to samples from the same units analysed in the earlier investigations to test the
ages. Fossil land snails preserved in the upper protosol units exposed at several sites are
dated by the A M S

14

C technique. T h e results of this dating are assessed critically and

found to indicate that the true ages of the snails are beyond the range of 1 4 C dating based
on results that show levels of 1 4 C in the samples are close to or not distinguishable from
laboratory background levels. T h e T L dating results, which indicate the time of
emplacement of the lithic fraction of the deposits, are also critically assessed and shown as
predominantly stratigraphically consistent and generally in agreement with the U/Th and
14

C age assessments of the same units. A few anomalous T L ages are also investigated and

found to be related to diagenetic changes or heterogeneous characteristics of the deposits
analysed. T h e Chapter then considers the reliability of the U/Th ages of several coral
samples and a number of relict speleothems. The U/Th results are checked for consistency
by analysing several coeval samples, by critically assessing the U and T h isotopic data and
by making corrections for detrital U and T h in the samples. The dating results in Chapter 5
are shown as generally stratigraphically consistent and to indicate aeolianite has been on
Lord H o w e Island since at least the Middle Pleistocene.

The age of fossil snails and "whole-rock" samples of aeolianite is assessed using the AAR
technique in Chapter 6. T h e chapter begins by introducing the technique and reviewing
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past applications of the method to snail and "whole-rock" samples. T h e chapter then
examines the results of A A R dating of snails and "whole-rock" samples from Lord H o w e
Island. In this dating program, emphasis is placed on checking the integrity of the amino
acid data and on the stratigraphic consistency of results. Multiple analyses of numerous
units from the two lithostratigraphic formations are shown to provide statistically
significant aminostratigraphic data. It is also shown that the results of A A R dating of the
snail and "whole-rock" samples indicate samples from the lower lithostratigraphic
formation exhibit significantly higher degrees of racemisation than samples from the upper
formation, implying a considerable difference in the age of the deposits. The A A R data of
snail shells that were also dated by the A M S

14

C method are found to indicate that the true

age of the shells is well beyond the limit of the 1 4 C method. The results, therefore, support
the interpretations of the A M S

14

C results in Chapter 5.

Chapter 7 presents a synthesis of the stratigraphic and geochronologic data presented i
this thesis. T h e proposed chronostratigraphy of the Lord H o w e Island aeolianite
succession provides a well-resolved history of aeolianite formation on the island since the
Middle Pleistocene. The chapter subsequently identifies and reconstructs pan-island phases
of sediment accretion and significant hiatuses. This is achieved by firstly identifying
island-wide allostratigraphic units, and secondly by defining the age of these units based
on the geochronologic data presented in Chapters 5 and 6. In light of the
chronostratigraphic findings, the primary controls on the establishment of accretionary
phases on the island is then assessed by comparing the morphology of the shallow
submarine platform surrounding the island and the sea level record for the Middle and Late
Quaternary. T h e regional and global palaeoenvironmental significance of aeolianite
formation on Lord H o w e Island is then considered by comparing the chronology of dune
accretion on Lord H o w e Island with several other well-defined coastal dune chronologies
in eastern and South Australia, Tasmania, N e w Zealand, Bermuda and the Bahamas. The
comparison of chronologies is followed by an examination of the hermeneutical
characteristics of stratigraphic investigations per se and of past studies of aeolianite on
Lord H o w e Island in particular as a means of understanding both advances and errors in
stratigraphic interpretations. The major conclusions of this thesis and areas for further
research are also explored.

Chapter 1: Evolution and Environment

6

Chapter 1: The geological evolution and present environment of
Lord H o w e Island

1.1 Introduction
The geological evolution, geomorphology and modern environment of Lord H o w e Island are
described in this chapter to provide background for the interpretations of field and analytical
data in subsequent chapters. The environment of the island is compared with other sites of
aeolianite in Chapter 2. Also, the review of the geological evolution of Lord H o w e Island in
this chapter is relevant to the interpretations of the island's stratigraphy and
morphostratigraphy in Chapter 3 and its geomorphology and palaeoenvironmental records in
Chapters 3 and 7.

The chapter begins with an outline of the history and geography of Lord Howe Island. Th
is followed by a review of literature on the geological evolution of the island and a
description of the island's landforms. Literature on the present-day environment of the island
is then reviewed, especially the wind regime which is relevant to this study of the island's
ancient wind deposits.

1.2 Lord Howe Island
Lord H o w e Island is located in the northern Tasman Sea, approximately 700 k m E N E of
Sydney at latitude 31° 30' S and longitude 159° 04' E. T h e island is the subaerial remnant of
a largely truncated volcanic island. T h e Lord H o w e Island volcanic pedestal rises
approximately 1800 m below sea level on a submarine plateau called the Lord H o w e Rise.
Most of the subaerial section of the extinct volcano has been abraded leaving a submarine
platform 5 - 1 4 k m wide which surrounds the island. The distinctive geomorphic features of
the island are two basaltic mountains, Mount G o w e r and M o u n t Lidgbird, which form the
southern half of the island; and a coral reef which fringes m u c h of the western shore (Fig.
1.1). Volcanic and subdued carbonate hills form the remainder of the island. The carbonate
comprises predominantly fossil dunes with subordinate beach and soil deposits. Although
there are a few narrow coastal plains of unlithified beach sediment, the bulk of the carbonate
is lithified to varying degrees and is classified as aeolianite.

Lieutenant Henry Lidgbird, aboard the HMS Supply, discovered the island in 1788.
Lidgbird was en route to Norfolk Island from the first penal settlement at Sydney Cove (the
island was proclaimed part of N e w South Wales in 1855). The early visitors to the island
were astounded by the visual splendour of the mountains, lagoon and coral reef. O f great
significance to sailors in the middle of the Tasman Sea was the island's fresh water, unique

Figure 1.1: The location and geomorphological features of Lord Howe Island, a) Lord How
Island is located at the confluence of tropical (Coral Sea) and temperate (Tasman Sea) wa
bodies of the South Pacific Ocean, b) An aerial view of Lord Howe Island looking south. T
island is dominated by two volcanic mountains, Mounts Gower (G, 870 m) and Lidgbird (L
770 m). These mountains and Intermediate Hill (I) form the southern two thirds of the isla
Much of the west coast of the island is fringed by a coral reef (R) and shallow lagoon. The
central section of the island is characterised by low hills of basalt, Transit Hill (T,
and aeolianite (A). The aeolianite also forms a low ridge which extends from the west coa
at Signal Point (Sg), east to Neds Beach, near Searles Point (Se). At the northern end of t
island, North Ridge (NR), which is composed of lava beds, extends from Malabar (M, 208 m
west to North Bay (NB). Dawsons Ridge (D) grades down from North Ridge into the Lagoon.
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lush vegetation and dense bird and fish populations (Hill, 1870). This original cornucopia
ofsubtropical fauna and flora appears to o w e much to the absence of human habitation of the
island prior to 1788; there is no archaeological evidence to suggest prior Polynesian
settlement (Prof. Atoll Anderson, pers. comm., 1997).

Due to its natural splendour and mid-ocean setting, the island soon became widely know
numerous exploration and commercial vessels visited during the early nineteenth century.
Most notably, whalers and sealers used Lord H o w e Island to replenish their water and
provisions. A permanent settlement was established by 1834 to provide supplies for whalers
(many from U S A ) . However, whaling declined rapidly after the discovery of oil in the
United States of America in the 1870's and little commercial activity occurred until the
establishment of the Kentia Palm seed industry in 1890. The palm seed industry flourished
until it was decimated by a drop in European demand for seed as a consequence of the First
World War, and the introduction of seed-eating rats (Rattus rattus) from the SS M a k a m b o in
1918 (Whitley, 1977; Lord H o w e Island Board, 1985).

With the managed control of the rat population and establishment of a large nursery, t
export of Kentia Palms and seed has again become an important industry. M o r e
economically significant has been the development of tourism on the island, established in
the 1920's and today is the main commercial activity. The island has a resident population of
approximately 400 people which, in the summer peak tourist period, is matched by an equal
(regulated) number of trourists (Lord H o w e Island Board, 1985).
In 1982 Lord Howe Island was included on the UNESCO World Heritage List. The List
was established under the terms of the Convention Concerning the Protection of World
Culture and Natural Heritage adopted in November 1972. The Lord H o w e Island Group
(Lord H o w e Island and the nearby Admiralty Islands, Mutton Bird Island and Balls
Pyramid) is included on the W o r d Heritage List since the Group is an example of a
superlative natural phenomenon containing important and significant habitats for in situ
conservation of biological diversity; Lord H o w e Island has 241 species of native plants, 105
endemic to the island. It supports up to 168 bird species and has a unique mid-latitude
fringing coral reef with endemic marine biota. The geological and geomorphological features
of Lord H o w e Island were also noted in the submission for world heritage listing. The
submission states that the island is an outstanding example of a mid-ocean volcanic island
with numerous lava beds and pyroclastic deposits which are exposed in its high sea cliffs
(Lord H o w e Island Board, 1985).

The uniqueness of the biota on Lord Howe Island was recognised by the early visitors a
numerous investigations and collecting expeditions took place from 1853, including
scientific parties from Britain, America and Russia. A major scientific expedition by the
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Australian M u s e u m in 1870 was the first to describe the geology of the island in any detail
(Etheridge, 1889).

Apart from a few short visits by geologists, the island's biology remained the focus of
research until the 1970's. G a m e (1970), from the British M u s e u m of Natural History,
undertook a major study of the petrology and geochemistry of the basalts forming the island.
This was followed by the investigations of McDougall et al. (1981) which identified two
major phases of eruption at approximately 6.9 M a and 6.3 M a . Apart from investigations of
the fossil horned turtle Meiolania (Anderson, 1925, 1930; Sutherland and Ritchie, 1974,
1977; Gaffney 1986), the only detailed studies of carbonate deposits on the island since the
work of Etheridge (1889) have been those of Standard (1963), Squires (1963) and more
significantly Mattes (1974, B S c Hons thesis) w h o examined both the aeolianite and the
m o d e m lagoonal and beach sediments. Although the previous studies of carbonate sediments
on the island have provided considerable insights into the composition and fabric of the
aeolianite, the stratigraphy and chronology of the aeolianite have not been investigated in
detail. Therefore, this thesis focuses on the chronostratigraphy of the aeoliante, revealing
Lord H o w e Island as not only an outstanding example of a mid-ocean island due to the
unique volcanic outcrops but also for the Quaternary environmental history preserved in
fossil dune and beach deposits. These sediments provide the only long record of Quaternary
coastal environments between the Australian continent and N e w Zealand.

1.3 Geological evolution of Lord Howe Island
In this section includes a review of the literature on the geological evolution of the Lord
H o w e Rise and the subsequent formation of Lord H o w e Island. The review covers the
evolution of the Tasman Basin and the subsequent sequence of subaerial volcanism which
produced the breccias, basalts and dykes which today form the mountains and hills on the
island. The volcanic landforms, aeolianite outcrops and several unlithified carbonate deposits
are then described in detail.
1.3.1 Geological evolution of the Tasman Basin and Lord Howe Rise
Studies of the geological evolution of the Tasman Basin and Lord H o w e Rise (Lord H o w e
Island is located on the middle western flank of the Rise) have revealed a sequence of rifting,
ancient sea-floor spreading, migration of the Australian plate, open marine sedimentation and
sequential volcanism since the Late Cretaceous (Willcox et al, 1980; McDougall and
Duncan, 1988). A brief summary of this geological history is provided below.

Rifting of a section of the southeastern Australian-Antarctic continental plate occurred
between -75 M a to ~53 M a . Rifting involved a section of continental crust rotating out from
the former continental margin around a pole presently situated at latitude 16° S, and longitude
143° N . During the rotation, a n e w oceanic crust formed the Tasman Basin which opened to
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the south (Fig 1.2). The floor of the Tasman Basin (with a present depth of 4,500 m - 4,800
m ) formed an abyssal plain which, since the earliest Palaeocene, has become covered by up
to 1000 m of deep-ocean sediment (Hayes and Ringis, 1973; Weisell and Hayes, 1977;
Shaw, 1978; Willcox etal, 1980).

The section of rifted crust, the Lord Howe Rise (Fig. 1.2), is composed of continental
including rhyolite with a mean K/Ar age of 94 M a (McDougall and V a n der Lingen, 1974).
Seismic reflection profiles of the eastern margin of the Rise provide evidence that supports
the theory that the structure represents the ancient continental margin of the Australian Antarctic continent (Mutter and Jongsma, 1978; Willcox et al, 1980; Symonds et al, 1988).

During rifting the Rise experienced at least 2000 m of subsidence. However, subsequent
the culmination of rifting, at approximately 53 M a , the Rise has been considered attached
rigidly to the Australian Plate (McDougall and Duncan, 1988). The Rise extends from the
Coral Sea region south to the Challenger Plateau west of N e w Zealand, forming aridge2000
k m in length in the eastern Tasman Sea. The crest of the Rise lies at depths of 750 m to 1200
m. (Fig. 1.2).

The crest of the Rise consists of continental basement covered by pre-breakup fluvial
and shallow marine sediments (similar to the succession in the Gippsland Basin on the
western side of the Tasman Basin). These sediments are overlain by open-marine calcareous
ooze (500 m thick at D S D P site 208) deposited since the Eocene (Willcox et al, 1980).

Mutter and Jongsma (1978) proposed that during the initial stages of rifting in the Ea
Cretaceous, a rift valley was formed on the eastern section of the Australian - Antarctic
continent between what is n o w the western half of the Lord H o w e Rise and the Dampier
Ridge, a north-south orientated elongate ridge on the northwest margin of the Lord H o w e
Rise (Fig. 1.2). Mutter and Jongsma (1978) also propose that subsequent to the rifting
oceanic crust broke through continental crust close to the western boundary fault of this
valley rather than along its axis. This interpretation explains the horst and graben structures
along the western half of the present Lord H o w e Rise and the narrow continental shelf and
absence ofriftbasins along the eastern margin of Australia (Mutter and Jongsma, 1978).
More recently, dredge samples of granitic rocks (250 M a - 270 M a ) from the Dampier Ridge
were found to be lithologically, geochemically and chronologically similar to granitic
outcrops of the Sydney Basin in eastern N e w South Wales (McDougall et al, 1994),
supporting the model of evolution proposed by Mutter and Johgsma (1978).

Seismic reflection profiles of sections of the eastern half of the Lord Howe Rise have
revealed horst and graben structures suggesting a complex tectonic history. Seismic profiles
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Figure 1.2: The bathymetry of the Tasman Basin and western flank of the Lord
Howe Rise. The Tasmantid and Lord Howe Seamount chains and their KJAr ages
are indicated. The relict ocean ridge (thick lines) and major fractures (thin lines)
record the former centre of Cretaceous sea-floor spreading within the Tasman
Basin. The age (K/Ar) and location of the chain of volcanic deposits along the east
coast of Australia are also shown (after McDougall et al, 1981; McDougall et al,
1994).
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also suggest alteration and intrusions in the Dampier Ridge and continental basement in the
Middleton and Lord H o w e Basins, elongate depressions west of the northern section of the
Lord H o w e Rise and east of the Dampier Ridge (Figure 1.2). The Rise however is far from
any plate margins and appears to have remained stable tectonically since the Middle Eocene
(Willcox et al, 1981; McDougall et al, 1994).

Following the formation of the Tasman Basin, volcanism occurred both in the Basin and
the Lord H o w e Rise. The Tasmantid Seamounts are a linear series of flat-topped submarine
mountains in the middle of the Tasman Basin, between latitude 25° - 36° 39' S along
longitude ~156° E (Fig. 1.2). They were formed by a series of volcanic eruptions which
occurred in the Middle to Late Tertiary as the lithosphere of the Tasman Basin passed over a
stationary hot spot, a m a g m a source located below the plate in the upper mantle or deeper.
The volcanoes were subsequently bevelled by erosional processes essentially at sea level
(McDougall and Duncan, 1988).

Radiometric dating (K/Ar; 40Ar/39Ar) of the Tasmantid Seamounts reveals an increasing ag
northwards, ranging from 6.4 M a in the south (Gascoyne Seamount) to 24.3 M a in the north
(Queensland Seamount; McDougall and Duncan, 1988). The migration rate was calculated at
67 ±5 m m per year and the present position of the hot spot was calculated at latitude 40.4° S
(Figure 1.2), a site of modern seismic activity (McDougall and Duncan, 1988). The linear
nature of the chain of Tasmantid Seamounts is similar to the chain of Cainozoic volcanoes
along the eastern margin of Australia which have been radiometrically dated (McDougall and
Duncan, 1998; Figure 1.2). It was calculated that these hotspots have remained in a fixed
position relative to each other since the initiation of volcanic eruptions. Thefixedposition of
the hotspots provides evidence of their location well below the lithospheric plates and
indicates the Tasman Basin and the Australian continent have remained attached during this
period (McDougall and Duncan, 1988).

The Lord Howe Seamounts east of and parallel to the Tasmantid Seamounts on the western
margin of the Lord H o w e Rise form a similar linear chain of submarine volcanic mountains
between latitudes 22" - 35° S, along longitude -159° E (Fig. 1.2). Little is know of the
geology of the Lord H o w e Seamounts and, apart from Lord H o w e Island, none have been
radiometrically dated. McDougall and Duncan (1988) note that shield-building volcanism on
Lord H o w e Island is about 8 M a younger than volcanism at the same latitude in the
Tasmantid and eastern Australian volcanic chains. Quilty (1993) has found that the general
increase in the age of foraminfiera recovered from dredge samples from several of the Lord
H o w e Seamounts indicates a general increase in age from south to north, the northern
seamounts characterised by Late Oligocene and Early Miocene fauna (Quilty, 1993). In
conjunction with the Late Miocene age of Lord H o w e Island (McDougall et al, 1981) and
the geomorphology of the seamount chain, this palaeontological data indicates the Lord
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H o w e Seamounts are likely to have a similar range of ages and evolution to the Tasmantid
Seamounts (Quilty, 1993).

By applying the rate of northward movement of the Tasmantid Seamounts and the Austra
continent, 6.7 c m per year (McDougall and Duncan, 1988), to the Lord H o w e Seamounts
north and south of Lord H o w e Island (6.4 M a - 6.9 M a ) , the following age estimates for the
Lord H o w e Seamounts are obtained: Flinders Seamount, 1.5 M a ; Elizabeth Reef, 11.4 M a ;
Middleton Reef, 12 M a ; Gifford Guyot, 17.4 M a ; Capel Bank, 20.6 M a ; Kelso Bank, 22.8
M a ; Argo Bank, 24.3 M a ; Nova Bank, 25.7 M a . The location of the hot spot that has
produced the volcanism is calculated to be approximately 100 k m south of Flinders
Seamount at a latitude of approximately 35° S (Fig. 1.2).

Tasmantid volcanoes, subsequent to their eruption, have subsided. However, unlike ne
oceanic crust, a correlation between crustal age of the Tasman Basin and seamount summit
depth has not been observed. Rather, the age of the volcanoes indicates subsidence has
occurred with cooling of the oceanic lithosphere after reheating as it passed over the hotspot
(McDougall and Duncan, 1988). Based on the age - depth relationship of the Tasmantid
Seamounts, subsidence was calculated as 500 m in 25 M a (McDougall and Duncan, 1988).
The large elongate swells associated with seamount chains such as the Hawaiian chain are
not evident in the Tasmantid chain, which has been attributed to the relatively small mass of
the Tasmantid Seamounts (McDougall and Duncan, 1988).

Lord Howe Seamounts are of similar size to the Tasmantid Seamounts. However, the Lor
H o w e seamounts have formed on continental crust approximately 26 k m thick (Willcox et
al, 1981). Also, no consistent age - depth relationship is apparent in the Lord H o w e
Seamounts: the summit of the most northern (oldest) Lord H o w e Seamount (Nova Bank)
lies at a depth of 219 m , compared to the most northern Tasmantid seamount (Recorder
Seamount) at 660 m . The summit of the largest Lord H o w e Seamount (Capel Bank),
towards the northern end of the chain is at a depth of 19 m (Quilty, 1993). Subsidence of the
Lord H o w e Seamounts due to cooling of the continental lithospheric crust appears therefore
to be a fraction of that calculated for the Tasmantid Seamounts. The width (5-14 k m ) and
subhorizontal form of the submarine platform surrounding Lord H o w e Island also suggest
minimal subsidence of the seamount (Woodroffe et al, 1995).
1.3.2 Geological evolution of Lord Howe Island
Lord H o w e Island is an erosional remnant of a large shield volcano that rises from a depth of
at least 1800 m on the western side of the Lord H o w e Rise. The volcanic structure comprises
of two segments in shallow water, one surrounding Lord H o w e Island and the other Balls
Pyramid to the south. Below the 500 m isobath the two peaks merge into a single seamount
(Fig 1.3). At this depth the body of the volcano is elliptical (long axis orientated N N W -
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SSE), approximately 65 k m long and 25 k m wide (McDougall et al, 1981). A similar
morphology is evident in seamounts in this chain to the north (e.g. Gifford Guyot, Nova
Bank).

The petrology of volcanic units on Lord Howe Island has been examined by EdgeworthDavid (in Etheridge, 1889), Standard (1963), G a m e (1970), Mattes (1974) and McDougall
et al. (1981). G a m e (1970) presented detailed geochemical data for the volcanic units on
Lord H o w e Island, showing them to be typical mid-ocean basalts, and provided the first
radiometric age for the subaerial volcanism, 7.7 M a (K/Ar age of plagioclase, a possible
m a x i m u m error of up to 2.5 M a was suggested by G a m e due to minor alteration of the
minerals). However several interpretations of G a m e (1970) regarding certainfieldrelations
of units, interpretations of depositional environments and the m a x i m u m age of the older
volcanic units where subsequently found to be incorrect by McDougall et al. (1981).
McDougall et al. reviewed the previous studies and presented detailed mapping, petrological
analyses, radiometric age determinations (K/Ar) and palaeomagnetic data to reconstruct the
history of this subaerial volcanism. The major findings of their investigation are n o w
discussed.
Four volcanic units were mapped by McDougall et al. (1981; Fig. 1.4). All units were
interpreted to have been emplaced during the relatively rapid (0.6 M a ) formation of a large
shield volcano. The basal unit exposed is the Roach Island Tuff, which crops out in the
lower 60 m of seacliff at Malabar (the N E corner of the island) and on the Admiralty Islands
to the north of Malabar (Fig. 1.4). The unit is dominated by tuffs related to explosive
eruptions and thin lava flows originating from a volcanic centre just off the N E coast of the
island.

Directly overlying Roach Island Tuff, North Ridge Basalt forms most of the island north
Blinkenthorpe Beach. The basalt is composed of a rapidly-erupted, shield-building sequence
of lavas which dip gently to the N E , indicating a vent in the vicinity of Mount Lidgbird. The
lavas have plagioclase and pyroxene phenocrysts in a groundmass of plagioclase,
clinopyroxene, iron oxide and pale brown glass. This unit is classified as a tholeiitic basalt.
The mean whole-rock K/Ar age obtained for the North Ridge Basalt is 6.9 ±0.2 M a
(McDougall etal, 1981).

The Boat Harbour Breccia crops out on the east coast between Blinkenthorpe Beach and Re
Point (Fig. 1.4). The unit consists of massive, well-indurated breccia composed of angular
gravel-size basaltic fragments in afine-grainedmatrix. It appears similar in character and age
to the Roach Island Tuff and appears to have been deposited by explosive volcanism within
the central vent region of the volcano. This unit m a y be younger than the North Ridge

Figure 1.3: Lord Howe Island and Balls Pyramid surrounded by shallow submarine platforms,
20 - 60 m below MSL. The two volcanic peaks merge below the 500 m isobath (approximate
position shown). The seamount rises from deep water (4000 - 1800 m) on the western flank of
the Lord Howe Rise (after Royal Hydro graphic Office, 1986).
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Figure 1.4: Geology of Lord Howe Island (after McDougall et al, 1981).
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Basalt. There is however, a lack of exposed contact of these units for unequivocal
interpretation. The interpretation of G a m e (1970) that the Boat Harbour Breccia is older than
the North Ridge Basalt cannot be sustained (McDougall et al, 1981).

Abundant dykes and sheets intrude the Roach Island Tuff, North Ridge Basalt and Boat
Harbour Breccia. The dykes are from 1 to 4 m thick. They range in composition from
aphyric to plagioclasephyric, some with clinopyroxene phenocrysts, with a groundmass of
plagioclase, clinopyroxene and iron oxide and variable proportions of mesostasis often with
hydrothermal and deuteric alteration. They are classified as olivine basalts. Several sheets
were interpreted by G a m e (1970) as lava flows that had experienced tectonic tilting.

The subsequent field observations and palaeomagnetic measurements of McDougall et al
(1981) found Game's (1970) interpretations to be erroneous, discounting the conjecture of
the sheets being much older (up to 30 M a ) than the North Ridge Basalt.

The uppermost volcanic unit is the Mount Lidgbird Basalt which forms Mount Gower and
Mount Lidgbird which comprise the southern half of the island (Fig. 1.4). Mount Lidgebird
Basalt is composed of flat-lying tabular lavas from 3 - 30 m thick. The lavas erupted into a
large collapsed caldera that formed in the summit of the shield volcano. They are composed
of olivine, plagioclase and clinopyroxene phenocrysts in a groundmass of plagioclase,
clinopyroxene, oh vine, iron oxide and up to 2 5 % poorly crystalline to glassy mesostasis.,
The lavas are compositionally classified as transitional to alkali olivine basalts and hawaiites.
The change in composition with time from tholeiitic to alkaline basalt is a c o m m o n
characteristic of oceanic volcanoes. The mean whole-rock K/Ar age of the Mount Lidgbird
Basalt, 6.4 ±0.1 M a , obtained by McDougall et al. (1981) appears more reliable than the age
reported by G a m e (1970) for plagioclase separated from Mount Lidgbird Basalt, 7.7 ±0.2
Ma.

In summary, the evolution of the Lord Howe Island appears to have involved five majo
formative periods:

1) Explosive eruptions at or slightly above sea level to the NE of the island shortl
6.9 M a producing thick layers of tuff and thin lava flows of the Roach Island Tuff.
2) Around 6.9 M a a large shield volcano grew with the eruption of lavas from a major vent
located near Mount Lidgbird reaching a height of at least 900 m. The volcano comprises the
theoliitic North Ridge Basalt.
3) A second explosive eruption was recorded in the Boat Harbour Breccia. This was
followed by the emplacement of a great dyke and cone sheet swarm through the North Ridge
Basalt.
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4) Subsequently, at approximately 6.4 M a , collapse of the summit of the volcano formed a
caldera at least 900 m deep, 5 k m long and 2 k m wide which was rapidlyfilledwith mildly
alkali lavas of the Mount Lidgbird Basalt.
5) Following the cessation of eruptions, marine abrasion of the volcano has occurred
predominantly at 30 - 50 m below the present sea level. The abrasion created the submarine
platform which surrounds the island. Only remnants of the northern flank of the shield
volcano remain today. The southern, western and eastern slopes have been completely
eroded, exposing the horizontal caldera-filling lava flows (McDougall et al, 1981).

Relatively recently in the geological history of the island, marine skeletal carbonat
emplaced as dunes over sections of the low volcanic hills in the northern half of the island.
These carbonate deposits form today lightly- to heavily-cemented aeolianite. Chapter 2
includes a detailed review of past studies of the carbonate geology of Lord H o w e Island
(section 2.6).
1.3.3 Island landforms
Lord H o w e Island is a small crescent-shaped island approximately 11 k m long and between
0.5 and 2.5 k m wide. The long axis of the island is orientated N N W - S S E (Fig. 1.4). Most
of the shoreline is cliffed. However, a section of the concave western shore is fringed by the
world's southern most coral reef and lagoon (Fig. 1.1). Within a few hundred metres
seaward from the reef and the open shoreline, the sea floor slopes moderately to a depth of
approximately 20 m , then joins a relatively planar, roughly elliptical submarine platform.
This platform surrounds the island with a width of 5 k m to 14 k m and a depth range of 20 m
to 60 m , predominantly between 30 to 50 m (Fig. 1.3). There are several basaltic islets
around the island which are remnants of the former larger island.
The island has a land area of 1,455 ha, dominated by Mount Lidgbird (770 m) and Mount
Gower (875 m ) and Intermediate Hill (250 m ) which together form the southern two thirds
of the island (Fig. 1.1). This region is characterised by cliffs and steep colluvial slopes, a
deep bowl-shaped terminal valley (open to the west) between Mounts Lidgbird and Gower,
and predominantly cliffed shoreline. Along the lower western flank of Intermediate Hill,
between Cobbys Corner and Johnsons Beach, a capping of aeolianite (Fig 1.4) has been
eroded into shoreline cliffs (4 - 12 m high). The aeolianite extends out into the lagoon,
cropping out in water up to 2 m deep. The lagoon has an average depth of approximately 2 m
and is predominantly sandy. North of Intermediate Hill the southern mountains are
connected to the remainder of the island by a narrow (-750 m ) coastal plain, bordered by
Blinkenthorpe Beach on the east coast and Lagoon Beach on the west coast (Fig. 1.4).
Aeolianite crops out as a low cliff at the northern end of Blinkenthorpe Beach and forms a
veneer on the southern flank of Transit Hill to an elevation of approximately 80 m.
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The central section of the island comprises the basaltic Transit Hill ( 1 2 1 m ) and a low ridge
of aeolianite (-20 - 40 m high, 1.5 k m long). The aeolianite ridge welds onto the northern
flank of Transit Hill and extends north to the foot of Malabar Hill (208 m ; Fig. 1.4). Along
the northeast coast Transit Hill and the aeolianiteridgehave been eroded into shoreline cliffs.
Small embayed beaches have formed at the contact of the aeolianite and basalt at Neds Beach
and Middle Beach. In contrast, on the central western coast, the basalt and aeolianite grade
down to a coastal plain (up to -200 m wide), composed of unlithified beach sediment which
merges with Lagoon Beach (Fig. 1.1).

A smaller aeolianite ridge extends from Signal Point on the northwest coast to Neds Bea
The ridge is 7 - 18 m high and has a long axis orientated approximately S E - N E . In the
vicinity of Neds Beach, the ridge joins the larger aeolianite ridge. O n the lagoon shore at
Signal Point the ridge has been cut back by wave erosion to form a low (4 - 7 m ) cliff. The
aeolianite areas are characterised by an absence of streams due to internal drainage.
However, a small s w a m p is evident behind Middle Beach. Slumping in the aeolianite cliffs
occurs during rain storms and has created gullies in the shoreline at the Valley of the
Shadows (N side of Transit Hill) and behind Neds Beach.

Basalt landforms also dominate the northern end of the island, from Malabar Hill (208 m
west to North Head (120 m ) . North Ridge (-160 m high, long axis orientated E - W ) forms
a shear cliff along m u c h of the north coast of the island (Fig. 1.1). Spurs off the southern
side of the ridge grade d o w n to the lagoon shoreline. North Bay is an embayment formed
between two of these spurs. O n the western flank of the Dawsons Point Ridge spur (140 m ;
Fig. 1.4), aeolianite has infilled a small valley and reaches an elevation of approximately 80
m. Large-scale dissolution of the aeolianite due to internal drainage has formed several
caves. Subsequent collapse of much of the overlying aeolianite has created gullies up to 20 m
deep. Behind the beach at North Bay, a narrow coastal plain (20 - 150 m wide) composed of
unlithified beach sand has been emplaced, creating a small s w a m p where it joins the base of
the volcanic slope. North Head, on the western side of North Bay, grades steeply into the
lagoon while along the northwestern shoreline the basalt has been eroded by waves into
cliffs.

1.4 Climate, marine enviromnent and vegetation communities
Lord H o w e Island has a temperate to subtropical maritime climate largely under the influence
of the mid-latitude high pressure belt. Both the sea surface temperatures (SST) and the
atmospheric temperatures are characterised by relatively small but seasonal variations.
Rainfall is also moderately seasonal as is wind direction. The winds, however, vary in
direction and intensity both seasonally and due to storms.
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1.4.1 Temperature and rainfall
Temperatures are w a r m and, due to the maritime setting, do not vary greatly between
summer and winter (Fig. 1.5). M e a n monthly m a x i m u m s are 25.5° C (February) and 18.5°
C (July), and mean monthly minimums 20.2° C (February) and 13.2° C (August), while the
Current M e a n Annual Temperature is 19.2° C ( C M A T ; Bureau of Meteorology, 1988).
Temperatures, rainfall and evaporation are all modified by the frequent cloud cover, with a
mean monthly cloud cover of greater than 6 0 % for all months. The mountains in the south of
the island generate orogenic cloud and are considerably cloudier than the rest of the island
(Pickard, 1983).

High pressure cells pass over the island during the winter months bringing a regular w
pattern. Between high pressure cells, polar cold fronts and attached low pressure cells bring
winter rainfall to the island. Strong southwest wind is experienced after the passage of the
front. A s the following high pressure cell moves eastwards, the wind moderates and swings
from the south around to the northeast. With the approach of the next cold front, ahead of the
high pressure cell, the wind swings to the northwest (Linacre and Hobbs, 1977).

Low pressure cells which occasionally develop off the coast of New South Wales, termed
East Coast L o w s (Bryant, 1997), usually impact on the island, bringing strong, often
northerly winds and periods of intense rainfall. These systems develop dominantly in the
autumn months and intensify over relatively w a r m water bodies derived from the East
Australian Current (Fig. 1.11). L o w pressure m a y also impact on the island during summer
with the southward passage of the remnants of tropical cyclones delivering heavy rainfall and
strong winds. Short, intense rainfall can occur during periods of low pressure. They are
characterised by hourly rainfall records as high as 61 m m (in June 1996, an hourly rainfall of
93 m m was estimated during an extreme rainstorm when the island's Weather Station was
flooded. This storm delivered over 400 m m of rainfall in an 8 hr period). Intense rainfall
often leads to landslides on the steeper slopes.

High pressure cells generally pass to the south of Lord Howe in summer and the trade w
dominate the weather pattern, bringing w a r m stable air and fresh easterly winds. A s a result,
the summer months are significantly drier than the winter months. Although the lowest mean
monthly rainfall is 113 m m (February), monthly rainfall has been as low as 6 m m , recorded
in March 1918 (Hutton, 1986) and during the relatively dry summer of 1997 severe water
shortages were experienced on the island. D u e to the reduced rainfall and higher summer
temperatures, estimated evaporation slightly exceeds mean monthly precipitation between
December and February (Fig. 1.6; Pickard, 1983).
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Figure 1.5: Lord Howe Island mean monthly temperature maximums
Bureau of Meteorology data, 1912 -1983 (after Hutton, 1986).
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Figure 1.6: Lord Howe Island Mean monthly rainfall (Bureau of Meteorology data, 1886
1983) and evaporation (after Hutton, 1986; Pickard, 1983).
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1.4.2

Wind

Lord H o w e Island has a highly energetic wind regime since it is exposed to both easterly
Trade Winds and Southern Ocean westerlies. Extreme wind gusts on the island, up to 178
km/hr (1948), are up to 18 km/hr stronger than gusts recorded on coasts of mainland
Australia not exposed to tropical cyclones and rate high by world standards; the mean annual
m a x i m u m wind gust is 125 km/h ( N S W Bureau of Meterology data; Barker et al, 1983).

The Bureau of Meteorology since 1939 has monitored wind on the island at three location
Between 1939 to 1955, the island's weather station was situated near the lagoon jetty (where
a flying boat service operated); from 1955 to 1988 it was located at Stevens Point on the east
coast, at the northern end of the Middle Beach cliffs; and from 1988 to the present it has been
located on the lagoon side of the island at the southern end of the airport. Although from
different time periods, data from the three sites indicate the topographic modification of wind
on the island. The northern and central hills and forest vegetation partially protect the jetty
from northerly and easterly winds and Stevens Point from westerly and southerly winds. At
the airport some protection from southerly and southeasterly winds is gained by the close
proximity of M o u n t G o w e r and M o u n t Lidgbird. However, the mountains and hills also
create extreme wind turbulence around the island (Barker et al, 1983).

The Bureau data show the seasonal switch from prevailing southwesterly wind in winter t
predominantly easterly wind in summer (Fig. 1.7). There is also a slight diurnal component
in the wind record, with wind speed approximately 1 0 % higher during the daytime.
Although it is slightly less windy in summer (December - February, Fig. 1.8), there are no
extended seasonal calms. Gusts of 108 - 115 km/hr occur several times during a 12 month
period, while gusts up to 133 km/hr are recorded at least once everyfiveyears (Barker et al,
1983).
Throughout 1981, detailed wind monitoring was undertaken on Malabar Hill, Middle Beach
C o m m o n and Transit Hill as part of a wind energy feasibility study (Barker et al, 1983).
The 1981 wind data are similar to the Weather Bureau data averages of wind records from
the jetty and Stevens Point (Bureau of Meterology, 1988) and show that slight to moderate
protection is afforded by hills and forest vegetation at the different locations. Monitoring
sites at Malabar and Transit Hill had similar wind speed records (mean wind speeds 29 and
30 km/hr respectively) while average wind speed at the Middle Beach site (21 km/hr) was 28
% lower due to protection from southerly and southwesterly wind (Barker et al, 1983). The
Transit Hill data reveal that wind speeds greater than 16 km/hr (the threshold for mobility of
dry sand, Jennings, 1957) will occur 8 2 % of the time (Fig. 1.9).
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The constancy of wind on the island is also evident in the Transit Hill data, with wind speeds
of less than 14.4 km/hr recorded for only 45 hours in 1981 (Barker et al, 1981). Pickard
(1983) has examined the nature of effective onshore winds at six shoreline aspects around
the island by calculating the vector resultants for sand-shifting winds (a measure of the
direction and intensity of onshore wind >16 km/h) for summer, autumn, winter and spring.
Although the data used are from the Middle Beach meteorological station which underrepresents the southerly and southwesterly winds, the onshore resultants calculated by
Pickard clearly show effective onshore winds for all sites in all seasons (Fig. 1.10).
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Figure 1.7: Lord Howe Island wind roses, showing the mean monthly wind records for
January (summer) and July (winter) based on Bureau of Meteorology wind data, 1939 1981 (after Barker, 1983).
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Figure 1.8: Lord Howe Island mean monthly wind speed. The threshold wind speed for
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Figure 1.9: Probability of exceedence of wind speeds calculated from detailed wind
measurements during 1981. Dashed lines show the probability of wind speed greater than 16
km/h (after Baker et al, 1981), the threshold speed for the mobilisation of dry sand.
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Figure 1.10: Wind resultants for the main sections of coast on Lord Howe Island. The
polygons show the relative duration and direction of onshore winds greater than the
threshold speed for sand mobilisation (>16 km/hr) during spring (SP), summer (S),
autumn (A) and winter (W)for the main coastal aspects. The wind resultants indicate that
onshore sand-mobilising winds occur along all sections of coast during all seasons, with
the strongest and most persistent winds experienced by the northeast, southeast and
south facing coasts (from Pickard, 1983).
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1.4.1 M a r i n e environment
Lord H o w e Island is situated in the northern margin of the Subtropical Convergence, a belt
of the Tasman Sea under the influence of the warm-water Tropical Convergence and the
cool-water West W i n d Drift. In the tropics north of the island, the Trade W i n d Drift forms
the strong East Australian Current ( E A C ) which flows south from the Tropical Convergence
along the east coast of Australia. This strong w a r m current flows as far as 40° S in summer.
It has a return flow northwards approximately along longitude 156° E before meandering off
to the east. This meander is k n o w as the Tasman Front. The position of the Tasman Front
varies seasonally, from approximately 27° S in winter to approximately 32° S in summer
(Australian M u s e u m , 1992).
The Tasman Front divides the warmer water of the Coral Sea from the cool water of the
Tasman Sea. In summer, the front is located around Lord H o w e Island, bringing w a r m
water from the Coral Sea to the island (Fig. 1.11). In winter the front shifts to the north of
the island, leading to the incursion of cooler water in the Subtropical Convergence, a mix of
subtropical water and the subantarctic water mass of the West W i n d Drift (Fig. 1.12). A s a
consequence, the mean S S T in January is 24.4° C while in July it is 19° C (Edwards, 1979),
with monthly winter minimums as low as 15.8° C (Allen et al, 1976; Fig. 1.12).

The near-surface water temperature regime is near the limits of Zoantharia which requi
mean temperature of at least 23° C and cannot tolerate a minimum temperature below 14-15°
C (Lees and Buller, 1972). This suggests the reef-forming coral at Lord H o w e Island
appears to be growing at the lower thermal limit of these organisms. However, the
Australian M u s e u m has suggested that coral growing in these southerly reefs have a lower
optimum temperature for calcification than coral further north (Australian Museum, 1992),
permitting profuse coral growth capable of competing successfully with fleshy and
calcareous algae normally predominant at this latitude.

The fringing reef of Lord Howe Island includes over 83 species of coral from 33 genera
with different growth forms compared to tropical settings and a unique mix of tropical and
subtropical species (Veron and Done, 1979; Harriott et al, 1995). The frequent incursion of
cool water from the south is thought to have produced the unusual reef communities and the
abundance of Lithothamnion, a calcareous algae which is a major structural component of the
reef (Veron and Done, 1979). Salinity levels of surface water around Lord H o w e Island vary
only slightly between seasons (~ ±0.1%o) from a mean value of approximately 35.6%o
(Rochford, 1983).

The mid-ocean setting of the island renders it open to swell from all directions. The
strong swell is from the S W which originats in the Southern Ocean. The swell is continuous
almost throughout the winter months but moderates and is less continuous in summer. Storm

Figure 1.11: The location of the East Australian Current (EAC) and the Tasman Front
rr I relative to ^^ Howe Island during winter (September 1977) and summer
(February 1978) based on satellite data. Large eddies of warm water (A, B, C, D) break
F ° m the main current and move in a southeasterly direction (after Australian Museum,
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swell is also generated by low pressure systems that develop in the Tasman Sea west of the
island. Tropical cyclonic lows form in the Coral Sea north of the island during summer and
autumn and generate strong northerly swell. Moderate easterly swell generated by the Trade
Winds frequently reaches the island during summer.

S S T (Allen et al., 1976)
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Figure 1.12: Mean monthly sea surface temperature records for the waters immediately
surrounding Lord Howe Island (Allen et al, 1976, 12 months record) and from satellite data
for waters within one kilometre of the island (3 years of measurements, data from Australian
Museum, 1992).

1.4.4 Vegetation
The diversity, uniqueness and integrity of the flora of Lord H o w e Island has attracted the
attention of botanists around the world since 1870. M u c h international interest in the flora
was generated following the publication of Moore and Carron's descriptions (Moore, 1870).
The island's flora includes 241 species of native plants, including 105 endemics. Of
considerable botanical and biogeographical interest has been the floral associations between
Lord H o w e Island and the distant continental landmasses of eastern Australia (129 c o m m o n
genera), N e w Caledonia (102) and N e w Zealand (75) (Hutton, 1986).

Approximately 8 0 % of the forest originally covering Lord H o w e is still intact, although the
lowland forest around the main settlements has experienced widespread clearance for the
grazing of cattle (Pickard, 1983). Cleared areas are usually covered by thick pasture,
dominantly the naturalised species Pennisetum

clandestinum

(Kikuyu Grass) and
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Stenotaphrum secundatum (Buffalo Grass). These grasses cover m u c h of the aeolianite
bluffs and cliffs between Neds Beach and Middle Beach, around Signal Point near the
lagoon jetty and between Cobbys Corner and Johnsons Beach at the southern end of the
lagoon. Less disturbed sections of aeolianite bluff at Neds Beach and Middle Beach have a
thick scrub cover which commonly includes Melaleuca howeana and Cassinia tenuifolia.

Over 57% of the island supports monotypic forests of six species: the lowlands and centr
and northern basalt hills are characterised by rainforest stands dominated by Drypetes
australasica- Cyptocarya triplinervis (common names on the island: Greybark - Blackbutt),
Cleistocalyx fullageri - Chionanthus quadristamineus (Scalybark - Blue Plum) and the
ubiquitous forests of Howea forsteriana (Kentia Palm) and H. belmoreana (Curly Palm), in
which Ficus columnaris (Banyan) form significant dome-like emergents. The Banyan grows
laterally by dropping aerial roots from branches. The aerial roots grow subsequently into
thick subsidiary trunks. Individual trees can extend to more than one hectare of land and
several of the larger individuals are growing on aeolianite substrate. Substrate characteristics
have been found to influence the species composition of these forests, with H. forsteriana
several times more abundant on aeolianite than basalt, while forest dominated by H.
belmoreana is restricted to basalt soils, apart from small stands near Neds Beach (Pickard,
1983).
Pickard (1983) found that the endemic tree species of the island are limited to basalt
and native trees are over-represented on the basalt. H e suggests this is related to the greater
age of the basalt compared to the aeolianite (Late Miocene compared to Late Pleistocene) - the
process of speciation and the development of particular adaptations appears to require a
greater period of time than represented by the age of the aeolianite (Pickard, 1983). The
mountains in the south of the island support a variety of moist forest communities, including
large stands dominated by Hedyscepe canterburyana

(Big Mountain Palm) and gnarled

mossy forest of Bubbia howeana (Hotbark) - Dracophyllum fitzgeraldii (Fitzgeraldi) on the
summits of Mounts G o w e r and Lidgbird, areasrichin endemic species (Pickard, 1983).

1.5 Summary and Conclusions
The geological history, geomorphology and present day environment of Lord H o w e Island
can be summarised by the following points:

1) Lord Howe Island is one of a chain of relict mid-ocean volcanoes formed apparently by
the movement of the Lord H o w e Rise northwards over a hotspot located at approximately
35° S. This northward motion is consistent with the records of plate motion provided by the
well-dated Tasmantid Seamount chain (-6.7 cm/yr) and the volcanic tract of eastern
Australia. These records are strong evidence of the attachment of the Lord H o w e Rise and
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the Tasman Basin to the Australian plate following the end of seafloor spreading in the
Tasman Basin approximately 53 M a ago.
2) The Lord Howe Rise, upon which the Lord Howe Island volcanic edifice sits, is
composed of continental crust considerably thicker than the oceanic crust on which the
Tasmantid Seamounts were emplaced. Lord H o w e Seamounts show no age - depth
relationship, suggesting subsidence of the Lord H o w e Seamounts m a y be considerably less
than the 2 cm/1000 yrs suggested for the Tasmantid Seamounts.
3) Volcanic outcrops which form most of the island were deposited in four phases, two
explosive eruptions (Roach Island Tuff and Boat Harbour Breccia), and two major phases of
lava emplacement recorded in the northern hills (North Ride Basalt, 6.9 M a ) and southern
mountains (Mount Lidgbird Basalt, 6.4 M a ) . After completion of the volcanic eruptions, the
island has been cut back by marine erosion to leave the present remnant of land surrounded
by a wide, subhorizontal submarine platform.

4) Landforms of Lord Howe Island are predominantly mountains and steep hills with mostl
cliffed shoreline. However, in the cental section of the island, in contrast to the basaltic
landforms, low hills andridgesare composed of aeolianite. Most remarkably, a 6 k m section
of the northwestern shoreline is fringed by a unique mid-latitude coral reef backed by a
shallow sandy lagoon and beach. The coral species assemblage and structure of the reef
communities, with encrusting red algae a major structural component, reflects the impact of
the incursion of cooler water during the winter months.
5) The island experiences a moist sub-tropical maritime climate with minor seasonal
variations. Cooler temperatures in the winter months are accompanied by an increase in
rainfall, both produced by the more northward passage of high pressure systems and
subsequent incursion of polar cold fronts. Under the influence of the easterly Trade Winds in
summer, the island has warmer temperatures and lower rainfall. Nearly continuous, strong
winds are southwesterly in winter and easterly in summer. All shoreline aspects experience
onshore winds capable of mobilising sand throughout the year. Severe storms impact on the
island, originating in the Tasman and Coral Seas. The major atmospheric circulations
generate strong southwesterly swell throughout winter. This becomes less frequent in
summer when somewhat lower easterly swell is c o m m o n . Strong easterly and westerly swell
is also generated by storms.

6) The island has a dense forest cover of unique floristic composition, still well pres
over m u c h of the island. There is significant endemism in the flora, with endemic species
predominantly found on basalt substrate, reflecting the relatively young age of the aeolianite.

This chapter has provided important background for the palaeoenvironmental interpretat
that are based on the stratigraphy, petrology and geochronology of aeolianite on Lord H o w e
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Island in Chapters 3, 4 and 5 respectively. The geography and stratigraphy of aeolianite
outcrops that have been reported from locations around the world are compared with the
aeolianite on Lord H o w e Island in Chapter 2.

32

Chapter 2: Formation & Distribution ofAeolainite

Chapter 2: The Formation and Global Distribution of
Aeolianite

2.1 Introduction
This chapter includes reviews of literature on the environmental controls on the formation
and global distribution of aeolianite, and the structure and age of major aeolianite
outcrops. Importantly, the reviews identify the Quaternary environmental context of the
thesis. The chapter also includes a review of past studies of the aeolianite on Lord H o w e
Island. This identifies aspects of the aeolianite that require further investigation to better
understand the evolution of this carbonate deposit.

The chapter begins with a brief review of the history of aeolianite research. Theories on
the formation of these deposits are also examined. The important links between modes of
Quaternary shallow-marine carbonate production and the development and distribution of
aeolianite are investigated. The chapter considers the relationship between climatic change
during the Quaternary and the formation of extensive tracts of aeolianite. A detailed review
of the global distribution of aeolianite follows, with summaries of past investigations of
the major outcrops, especially more recent studies which have produced important
geochronological data.
The chapter then focuses on Lord Howe Island with a critical review of past studies of
aeolianite on the island. Merits and shortcomings of these studies and the theoretical
preconceptions held by previous researchers are discussed. T h e chapter then concludes
with a summary of the major findings and an assessment of their importance to the present
study.

2.2 Major themes of aeolianite research
Aeolianite is calcium carbonate-cemented, bioclastic-rich dune rock deposited in coastal
environments during the Quaternary (Fairbridge and Johnson, 1978). T h e North
American literature refers to the rock as eolianite. Other regional names include kurkar
(Middle East), miliolite (India and Arabia) and gres dunaire (eastern Mediterranean).
Although in a strict sedimentological sense the term aeolianite, first coined by Sayles
(1931), describes any sediment deposited by the wind and subsequently lithified, the
definition by Fairbridge and Johnson (1978) reflects the widely-accepted use of the term
to define dune calcarenite. Aeolianite often comprises multiple generations of dunes with
discontinuities frequently marked by palaeosols and subordinate shallow-marine
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sediments, s w a m p sediments and cave deposits. T h e term has expanded therefore to
encompass shallow marine and terrestrial facies found in coastal carbonate rocks of
predominantly aeolian origin.

On coasts where aeolianite depositional morphologies are preserved, aeolianite general
comprise elongate, shore-parallel bodies deposited as transverseridges.Often the ridges
comprise a complex of coalesced and at times stacked smaller dunes. The dunes are
predominantly oblique, parabolic or barcanoid in form ( M c K e e and Ward, 1983). Such
forms are c o m m o n to m a n y modern coastal dunefields (Goldsmith, 1995).

Aeolianite has long been recognised as containing a rich history of coastal environmen
change. Charles Darwin in 1836 examined outcrops of aeolianite on St Helena and
Ascension Islands and later at King Georges Sound, near Albany on the southwestern
coast of Australia (Darwin, 1851). O n St Helena, patches of aeolianite are found at
elevations of up to 250 m (Daly, 1927). Darwin wrote of these deposits:
"It is remarkable that at the present day there are no shelly beaches on any part
of the coast, whence calcareous dust could be drifted and winnowed; w e
therefore look back to a former period when before the land was worn into the
present great precipices, a shelving coast, like that of Ascension, was
favourable to the accumulation of shelly detritus" (Darwin, 1851).

As Daly (1927) notes, the important aspects of Darwin's observation is that aeolianite
St Helena has no modern analogue and the coastal environment must have been
considerably different to the present for depositon of the carbonate (though not quite as
different as suggested by Darwin). Daly observed sand deposits offshore from the
aeolianite outcrops, forming banks at a depth of approximately 20 - 30 m , and suggested
that even a slight fall in sea-level, rather than a large drop related to glaciation, could result
in the mobilisation of this sediment to the shoreline and subsequently into dunes (Daly,
1927).

The vast scale of aeolianites along the coast of southern Australia, in contrast to th
remnant outcrops on mid-ocean islands, greatly impressed Darwin. A s biogenically
formed carbonate, Darwin compared their scale to the large reef complexes he had
examined in the central Pacific (Darwin, 1851). At Bald Head, near Albany, Darwin made
several incisive observations, identifying the steeply-dipping cross-beds as distinct
products of aeolian deposition and interpreting structureless and often fossiliferous layers
between cross-beds as products of subaerial exposure and pedogenesis. Darwin also
examined the carbonate grains and found they were well-preserved skeletal fragments of
marine shells and encrustations. Most importantly, Darwin deduced that given the
morphology of the present coastline and lack of a modern analogue for these large dunes,
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the aeolianite was derived from a beach positioned below the level of the modern shoreline
(Darwin, 1851). These observations suggested the great value of aeolianite as a record of
movements in the position of the continental coastline and changes in the volume of
sediment being delivered to the shore and, subsequently, reworked into dunes.

However, it was not until a detailed investigation of aeolianite stratigraphy on Berm
Sayles (1931) that dune units separated by well-developed palaeosols where correlated
with changes in sea level induced by glacial cycles. In his study of Bermuda, Sayles
interpreted aeolianites as the product of reworking of shelf sediments into dune deposits
during glacial periods when the shallow (-20 m ) submarine platform surrounding the
islands was exposed. H e also inferred that palaeosols, often terra rossa palaeosols,
evident between aeolianite units were products of more humid interglacial periods (Sayles,
1931). However, aeolianite on B e r m u d a has been shown subsequently to be
predominantly the product of the reworking of shoreline deposits during periods of high
sea-level. Terra rossa palaeosols were observed to represent quiescent glacial periods
when sea level was below the height of the platfom surrounding the islands (Bretz, 1960;
Land et al, 1967; Vacher, 1973; H a r m o n et al, 1978, 1981, 1983; Hearty et al, 1992;
Vacher et al. 1995; Vacher and Rowe, 1997).

Aeolianites have been revealed as primarily highstand deposits at other locations aro
the world, most notably in the Bahamas (Carew and Mylroie, 1987, 1989, 1995, 1997;
Chen etal, 1991; Hearty and Kindler, 1993, 1997; Kindler and Hearty, 1996, 1997;
Hearty, 1998) on the Coorong coastal plain of southeastern Australia (Schwebel, 1984;
Murray-Wallace and Kimber, 1987; Murray-Wallace and Belperio, 1991; Huntly et al,
1993, 1994; Murray-Wallace et al, 1996, 1998) and in the western Mediterranean
(Bruckner, 1986; Fumanal, 1995). In contrast to these studies, there is some
chronostratigraphic evidence of major dune accretion during the Last Glacial along the
present shoreline of Western Australia (Playford, 1988, 1997; Kendrick et al, 1991) and
on several Hawaiian and Californian islands (Muhs, 1992; M u h s et al, 1993). Along the
vast aeolianite coastlines of western and southern Australia and eastern and southern
South Africa, however, few sections have been examined in detail. The general
oceanographic, geological and geographical factors related to the development of the
world's aeolianite coastlines are examined below.
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2.3 Environmental
carbonate

controls on the production

of coastal

A n understanding of the environmental controls on the biogenic composition of aeolianite
is useful for discerning environmental change recorded in aeolianite successions (Kindler
and Hearty, 1996). This requires a knowledge of the nature of the biotic assemblages that
contribute to the sediment and changes in the composition of the carbonate that m a y reflect
changes in the marine environment. This section examines briefly the distribution of
marine carbonate shelf sediments, examines differences in the sedimentary components of
carbonate deposits in different marine environments and looks at the relationship between
marine carbonate provinces and aeolianite distribution.

South America and the east coast of Australia (south of and inside the Great Barrier Ree
within latitudes where w a r m climates and trade winds provide suitable conditions for the
accumulation of coastal carbonate ( M c K e e and Ward, 1983), represent examples of
extensive continental coasts along which appears no major aeolianite deposits. Carbonate
sediments along these coasts form only a minor component of modern littoral deposits
(Clapperton, 1993; Marshall and Davies, 1978; Belperio, 1983). T h e tectonic western
coast of South America lacks a significant shelf while the east coast of both South
America and Australia (inside the Great Barrier Reef), where shelves are evident, appear
terrigenous provinces. T h e present environmental conditions along these coasts reflect
controls on carbonate sediment production and, therefore, aeolianite formation. A s noted
by R a o (1996), abundant marine carbonates form in regions of low precipitation and low
siliciclastic input (carbonate sediment formation must be greater than the rate of
terrigenous influx for carbonate sediment to accumulate) into shallow seas in a range of
latitudinal settings. Carbonate production rates are also a function of water temperature
with cool-water biota production rates significantly lower than the rates of warm-water
biota (Rao, 1966). However, nutrient levels also influence productivity (James, 1997).
A n investigation of the oceanographic and sedimentological controls on the production
and composition of shallow-marine carbonate, and the form and distribution of carbonate
provinces m a y provide greater insight into the palaeoenvironmental records preserved in
aeolianite.
2.3.1 Shallow marine carbonate sedimentation
Carbonate sediments occur in abundance only where there are low levels of terrigenous
clastic sediment. Fluvial discharge is therefore the primary controlling agent of carbonate
distribution rather than water temperature, salinity or biogenic production (Chave, 1967).
However, this pattern is overprinted by the flow of ocean currents which along
continental coasts m a y m o v e bodies of cool water equatorwards and w a r m water
polewards. M o v e m e n t s in the position of deep-ocean upwelling zones also influence
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carbonate productivity as they deliver high levels of nutrient to carbonate-producing biota
on the shallow shelves and ramps (James, 1997). Upwelling zones are controlled by
ocean-atmosphere circulations, change position seasonally, and have shifted latitudinally
during glacial low sea levels (e.g. in the Southern Ocean, south of southern Australia,
Wells and Okada, 1996).

Three carbonate sediment associations have been described using biological rather than
geographic terms since, as suggested above, latitude and atmospheric temperature are not
accurate predictors of shallow-marine biotic assemblages (Lees and Buller, 1972). W a r m
water assemblages, the Chlorozoan Association, include always Chlorophyta and
Zoantharia. They are restricted predominantly to latitudes of 0° - 30°. These warm-water
carbonates comprise clastic sediment derived from molluscs, foraminifera, echinoderms,
ostracods, sponges, worms, coralline algae and contain significant contributions from
hermatypic corals and calcareous green algae, or just calcareous green algae, and only
minor contributions from bryozoans. Near surface water temperature limits for the
Chlorozoan Association are a rninimum temperature of 14 -15° C and a mean temperature
of at least 23° C (Lees and Buller, 1972).
Cool-water (mean water temperature < 20° C) assemblages have been called the Foramol
Association as foraminifera and molluscs are always present and are often dominant. This
assemblage comprises molluscs, foraminifera, echinoderms, bryozoans, barnacles,
ostracods, sponges, w o r m s , ahermatypic corals and calcareous red algae. Molluscs,
forams, bryozoans, barnacles or calcareous red algae m a y constitute the dominant grain
type, the character of the assemblage depending on local conditions (Lees and Buller,
1972). The zone of transition from one association to another is generally narrow, while
the latitudinal variability in Foramol sediments is greater than the Chlorozoan assemblage
due to strong cool ocean currents on the eastern margins of oceans which allow foramol
sediments to accumulate in lower latitudes (Lees and Buller, 1972).

Lees (1975) also found that salinity levels have a distinct influence on the compositi
the Chlorozoan Association, as sediments deposited in high salinity conditions (43 45%o, or less than 33%o, as found in certain warm-water gulfs and embayments) contain
calcareous green algae but no coral, with ooids and peloids always found where salinity is
high. This suite of sediments was termed the Chloralgal Association by Lees (1975).
Non-skeletal grains, comprising ooliths and aggregates and precipitated aragonitic m u d
are also warm-water sediments. Peloids are mostly associated with the Chlorozoan
association yet are also found in the boundary between warm- and cool-water carbonates
(Lees, 1975).
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James (1997) has proposed recently a revision of this carbonate sediment classification,
favouring only two divisions. James groups the Chlorozoan and Coralgal Associations
into the n e w Photozoan Association, reflecting the light-dependent nature of the major
biotic constituents of these shallow, warm-water, benthic calcareous communities and
their sediments. In this n e w scheme the Foramol Association is reclassified to the
Heterozoan Association as modern and ancient cool-water carbonates can often be
dominated by species other than foraminifera and molluscs. Heterozoan sediments m a y
also accumulate in warm-water settings where Photozoan biota cannot grow. Thus coolwater carbonates are always Heterozoan but the Heterozoan Association does not define
sediments as cool-water (James, 1997).
Marine carbonates have been further subdivided on the basis of water temperature (Table
2.1), forming five sediment provinces. The sediments produced in each province have a
distinctive biotic facies and display dominantly Photozoan or Heterozoan attributes
(James, 1997). Both vertical and lateral latitudinal changes in sediment province occur on
shelves (James, 1997). Therefore, where a shelf or platform is situated near the thermal
boundary of a carbonate province, changes in sea temperature associated with the
glacioeustatic cycle m a y be reflected in changes in the sediment assemblage preserved in
coastal deposits. For example, on the southern Australian coast, warmer sea temperatures
during the Last Interglacial are recorded by distinctive foraminifera found in coastal and
shelf deposits (Almond et al., 1993; C a n n and Clarke, 1993) and by molluscs (e.g.
Anadara) in coastal deposits (Murray-Wallace et al, 1999a).

The global distribution of Heterozoan and Photozoan carbonates (Fig. 2.1) shows that the
distribution of temperate, and to a lesser extent subtropical Heterozoan Association
carbonates, is quite similar to the distribution of aeolianite (Fig. 2.1) in contrast to the
distribution of reefal carbonates. The southern hemisphere has more extensive cool-water
carbonate provinces than the northern hemisphere. This can be related to the differences in
northern and southern hemisphere land areas, elevation and Pleistocene glaciation (James,
1997). In the northern hemisphere, shelves are covered by terrigenous clastic sediment
and significant carbonates form only near the outer margins of the continental shelves. In
the southern hemisphere carbonates cover several continental shelves and coastlines. For
example, southern Australia and South Africa (James, 1997). Significantly, the world's
major aeolianite tracts are located along the coastal margins of these shelves (Fig. 2.1).
Wave energy levels can influence carbonate accumulation, especially the build-up of
littoral deposits, as high energy levels increase the supply of sediment to the coast. For
example, the low-energy coast of the western Mediterranean, with aeolianite is at most a
few tens of metres thick (numerous references in Table 2.2), contrasts with the southern
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Australian coast, where high-energy levels have been experienced throughout the Middle
to Late Pleistocene and aeolianite successions are up to 150 m thick (Belperio, 1995).

The form and quantity of carbonate sedimentation on shelves and platforms has also been
affected by Quaternary sea-level oscillations. Shallow or rimmed platforms have been
exposed for m u c h of the glacial cycle, while gently sloping shelves have experienced
several transgressive and regressive events during a glacial cycle, creating deposits of
relict and contemporary sediment termed palimpsest sediments (James, 1997). Sediments
reworked from such deposits have been identified in aeolianite units on the coast of
southern Australia and on the Coorong coastal plain (Milnes et al, 1983).

Table 2.1: Influence of water temperature on carbonate sediment assemblages and the
sedimentary character and morphology of these provinces (based on James, 1997).
water
temperature

sediment
province

warm
>22°C

tropical

-18 - 22° C

subtropical

cool,
~10-18°C

temperate

-5-10° C

subpolar

cold,
<5°C

polar

distinctive
carbonate
assemblage

sedimentary attributes

coral and or green
P h o t o z o a n : shallow rimmed shelves, open
algae; ooids, red algae, shelves, ramps, reefs; abundant carbonate mud,
other Heterozoan
marine cementation, micritization, bioerosion;
aragonite and Mg-calcite mineralogies.
abundant red algae,
minor coral and or
green algae; other
Heterozoan

Heterozoan and minor Photozoan elements: open
shelves and ramps, few reefs; minor carbonate
mud, marine cementation, bioerosion; aragonite
and calcite mineralogies.

abundant or dominant
foraminifera or
mollusc or bryozoan;
red algae, other
Heterozoan

Heterozoan: open shelves and ramps, no reefs,
slope mounds; minor carbonate mud, minor
cementation, extensive bioerosion and maceration;
calcite minerals dominant.

abundant molluscs and
or barnacles;
brachiopods, other
Heterozoan

Heterozoan: open shelves and ramps; extensive
maceration and boring, no cementation; calcite
mineralogies.

Siliceous sponges;
bryozoans, barnacles

Heterozoan: open shelves and ramps; gigantism,
biogenic siliceous facies; no cementation; calcite
mineralogies.
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Figure 2.1: The global distribution of carbonate provinces (after James, 1997) and
major aeolianite outcrops (references in Table 2.2).
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2.3.2 Production
aeolianite

of Heterozoan

carbonate

and

the

development

of

Water temperatures along the southern Australian coast range from 14 - 22° C, the
continental shelf here is wide (up to 200 k m ) , relatively shallow and gently sloping
(Gostin et al., 1988). It receives high w a v e energy and little terrigenous sediment,
allowing the proliferation of carbonate-secreting organisms and the accumulation of
bioclastic debris forming a large carbonate province. Aeolianite along this coast represents
a larger build up of Quaternary carbonate than the Great Barrier Reef (Gostin et al,
1988).

Quaternary palaeoceanographic studies have revealed that the productivity of the South
Ocean south of this coast is enhanced considerably during glacial periods (Wells and
Okada, 1996). Enhancement is due to strong upwelling, suggesting that major coastal
accumulations of skeletal carbonate sediment m a y have also occurred at the level of the
glacial stillstands. During oxygen isotope stage 3, sea-level stood approximately 22 - 30
m below present in Gulf St. Vincent, South Australia, and deposited thick beds of shelly
sand and m u d in which no subtropical foraminifera were evident (Murray-Wallace et al,
1993). This oxygen isotope stage 3 shoreline would have been approximately 15 - 25 k m
from the present southern coast and m a y have contributed to aeolianite complexes along
this coast (transgressive dune fields and sand sheets extend a similar distance inland from
the present coastline of the western Nullarbor region of southern Australia). This low
gradient shelf contrasts strongly with shallow platforms such as those surrounding
Bermuda and the Bahamas, where glacial sea levels are below the top of the steep-sided
platforms, resulting in sediment accumulation during only highstand periods (Vacher et
al, 1995; Hearty and Kindler, 1993).

In contrast to southern and southwestern Australia, the entire eastern Australian inne
shelf is mantled by terrigenous sediments. Siliceous sands predominate on the inner shelf
south of approximately 20°, while to the north, inside the Great Barrier Reef, on the inner
shelf, deposits of m u d d y sand and sandy m u d are predominant (all < 3 0 % carbonate:
Marshall and Davies, 1978; Marshall, 1980; Belperio, 1983). Carbonates are dominant
only on the middle and outer shelf (Belperio, 1983), forming the vast warm-water
carbonate province of the Great Barrier Reef. O n the outer self to the south, both modern
and glacial age cool-water carbonates have been deposited (Marshall and Davies, 1978;
Ferland and Roy, 1997). D u e to the terrigenous nature of the inner shelf sediments, beach
and dune deposits along the east coast, although often extensive, are also predominantly
siliciclastic (Galloway et al, 1984). Similarly, Middle - Late Quaternary barrier deposits
along the east coast are also predominantly composed of quartz sand (Pye, 1993; Bryant
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et al, 1994, 1997), reflecting inner shelf conditions similar to present during previou
highstands.

2.4 Aeolianite and Quaternary climate change
Aeolianite is a sedimentary deposit characteristic of Quaternary shorelines with relatively
few reports of pre-Quaternary aeolianite in the geological literature (Marker, 1976;
Fairbridge and Johnson, 1978; Gardner, 1983; M c K e e and Ward, 1983). This m a y be
due to the difficulty of differentiating aeolianite from shallow marine deposits, especially
in drill core ( M c K e e and Ward, 1983), or due to the loss of distinctive bedding structures
with diagenesis and weathering (Marker, 1976; Gardner, 1983). However, given the
range of environments in which Quaternary aeolianite is found (Table 2.1), it is likely
aeolianite has formed at most times in the past (Gardner, 1983). Extensive dune deposits
in South Africa mapped as Miocene - Pliocene provide some evidence of significant preQuaternary aeolainite (Malan, 1987).
However, studies of the well-bedded Late Tertiary shoreline deposits and early
Pleistocene barriers which underlie Middle - Late Pleistocene aeolianite complexes in
South Australia (Belperio and Bluck, 1990; Belperio, 1995; Belperio et al, 1996),
Western Australia (Collins and Baxter, 1984), South Africa (Maud, 1968; Marker, 1976;
Yallon, 1983) and Israel (Sivan and Gvirtzman, 1996), reveal the carbonate content in
these units is considerably lower than the Middle - Late Pleistocene deposits and is
generally terrigenous. This suggests that Quaternary aridification m a y have aided the
development of aeolianite deposits at the margins of these carbonate shelves due to the
reduction in terrestrial sediment input.
The cyclical movement in Quaternary sea-level has also been a major factor in the
formation of aeolianite. Interglacial highstands have created highly productive shallow
banks (e.g. The Great B a h a m a n Bank) and second-order orbital changes have led to
offshore highstand sediment sinks being reworked into the littoral zone (Vacher et al,
1995). The resulting pulses in shoreline sediment accretion and aeolian reworking have
produced laterally and vertically stacked successions characteristic of the major aeolianite
tracts (e.g. Vacher et al, 1995; Garret and Gould, 1984; Hearty and Kindler, 1995;
Belperio, 1995; Playford et al, 1976). These extensive deposits suggest that although
aeolianite was deposited in pre-Quaternary periods, aeolianite has become a far more
significant and distinctive coastal deposit during the Quaternary.

Chapter 2: Formation & Distribution ofAeolainite

2.5 Global distribution of aeolianite
A n overview of the global distribution of aeolianite was given in Fairbridge and Johnson
(1978), while more detailed reviews were presented subsequently by Gardner (1983) and
M c K e e and W a r d (1983). In the intervening period numerous papers have been published
that investigate various aspects of aeolianite and associated littoral deposits. Significantly,
several stratigraphic and numerical dating studies have been published. The outcrops
examined in these and other less detailed studies of aeolianite are plotted on a world m a p
(Fig. 2.2; key aspects of each deposit are summarised in Table 2.2). This distiribution of
aeolianite is considerably more extensive than reported in the previous reviews.

It is clear that aeolianite can be found in a range of locations, though most extensively
within the latitudinal zone between 20° - 40° in both hemispheres, with 8 2 % of sites
within this zone (Fig. 2.2; Table 2.2). For each hemisphere, these data were grouped into
latitudinal class intervals of 10° (Fig. 2.3) and statistically tested for distributional
difference. Results show there is no difference in the latitudinal distribution of aeolianite
outcrops between the two hemispheres (Chi-square statistic = 11.727, degrees of freedom
= 4, p-Value = 0.0195, details in Appendix 1), reflecting the global character of the
environmental controls on aeolianite formation. It is clear in the literature, however,
(Table 2.2, and summarised below) that the extent and thickness of aeolianite along the
southern continental coasts of Australia and southern and eastern South Africa show these
deposits constitute the bulk of the world's aeolianite.
McKee and Ward (1983) define the prerequisite conditions for aeolianite formation as a
w a r m climate favourable for carbonate production and onshore winds to mobilise beach
sediment inland into dunes. The latitudinal zone of aeolianite (20° - 40°, N and S) is
characterised by trade winds and w a r m climates. A s discussed above, major aeolianite
outcrops occur mostly along the margins of major carbonate provinces. The fossil dunes
suggest that similar climatic and sedimentological regimes to the present m a y have existed
at the time these dunes were emplaced.
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Table 2.2: Global distribution and age ofaeolainite outcrops
ref no.
Fig 2.2

location

latitude

long.

dune
units
dated

numerical or
inferred age

reference

Atlantic O c e a n islands

1

58°

2

Scotland, Outer
Hebride Islands
Azores

38° 30'

27°

3

Madeira Islands

17° 11'

32° 46'

V

4

Canary Islands,
Lanzarote
Fuerte Ventura,
Canary Islands

29° ir

13° 38'

V

28° 30'

14° 0'

V

6

Cape Verde Islands

24°

16°

7

Ascension Is

8°

14° 20'

8

4°

32° 10'

9
10

Fernando de
Noronha
Archipelago
Saint Helena Island
Martin V a z Island

16°
19° 20'

5° 40'
29°

11

Mediterranean
Spain, Valencia

38° 45'

0° 10'

<
<

5

7°

Ritchie, 1985

200 - 300 ka; Last
Interglacial; 80ka
(U/Th, 1 4 C, A A R )
41 - 34 ka (14C,
U/Th, A A R )
Late Pleistocene,
>Last Glacial

Interstadial or Glacial

12
13

Spain, Tarragona
Mallorca, Balearic
Islands

41° 4'
39° 33'

1° 2'
3°

14

Menorca. Balearic
Islands

40°

4° 10'

15
16
17
18

Corsica
Sardinia
Lebanon
Akko, Israel

42°
39°
34°
33°

8° 45'
9°
35° 35'
35° 6'

19

Tel Aviv/Netanya,
Israel

32°

34° 45'

V

20

Arabs Gulf coast,
Egypt

29° 30'

31°

V

21

Libya

32° 50'

12° 40'

22

Tunisia

37° 20'

9° 45'

23

Algeria

37°

6°

24

Morocco: Teutan;
Kebdana

35° 30'
35° 8'

5° 10'
2° 25'

Fairbridge and
Johnson 1978
Goodfriend, et al.,
1996
Hillaire-Marcel et al,
1995
Miiller and Tietz,
1975; Hillaire-Marcel
etal, 1995
Fairbridge and
Johnson 1978
Darwin, 1851;
Fairbridge, 1995
Bird, 1985

Daly, 1927
Bird, 1985

132 - 70 ka (TL); 53 - Fumanal, 1995
39ka(TL);5ka(14 c )
Bruckner, 1986
114 ka (TL)
Butzer & Cedura,
>135 ka (U/Th)
1962; Hillaire-Marcel
etal, 1996
Henningsen, 1990
Plio/Pleistocene,
Early Pleistocene and
Last Glacial
Guilcher, 1985
Late Pleistocene
Ulzega & Hearty, 1986
OISs 4 - 1 ( A A R )
Quaternary
Fairbridge, 1972
Gavish & Friedman,
OISs 7, 6a, 6c and
1969; Sivan etal,
Holocene
1995
Porat & Wintle, 1995;
64-59ka;53-51ka
Yallon & Laronne,
(IRSL)
1971;Yallon, 1967
mid Holocene, OIsSs El-Asmar, 1994
5a/5c and 5e, and OIS
9 (U/Th, 14 C and

AAR)
glacial dunes

OIsSs 5e, 5a ( A A R )

V

128 ka (TL)

Schwartz, 1985;
Flemming,1969;
Hoque, 1975
Paskoff, 1985; Miller
and Stearnes, 1986
Mahrour & Dagorne,
1985
Weisrock, 1985;
Bruckner, 1986;
Alouane & Aberkan,
1998.
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Table 2.1 continued
ref no. location

latitude

long.

Fig 2.2

dune
units
dated

numerical or
inferred age

reference

Africa, Middle East, India, China

7° 5'

25

Rabat, Morocco

34°

26
27

Ghana
South Africa,
Saldanha Bay

5° 10'
32° 45'

2° 38'
18°

28

South Africa,
Hermanus
South Africa,
Knysna
South Africa,
Klasies River
mouth
South Africa, N of
East London
South Africa,
Durban

34° 20'

21°

33° 59'

23°

34°

24°

32° 30'

28° 25'

30°

31°

33

Natal Coast, Z w a
Zulu

26°

33°

34

Tanzania, Mafia
Island
Somalia, south
coast
Madagascar

29
30
31
32

35
36
37
38
39
40
41
42
43

Mauritius
United Arab
Emerites
Kuwait
Gujarat, India

India, southern
coast
Fujian, China
Quandong, China

7° 49'

39° 49'

1°

43° 57'

25°

47°

20° 15'
24° 8'

57° 40'
54°

29° 15'
21°

48° 8'
71° 45'

Mid - Late Pleistocene Choubert, 1956;
Stearns, 1978
Talbot, 1980
mid Holocene (14C)
Early - Late
Siesser, 1972;
Pleistocene
Meaker, 1975; Butzer,
1984
Pleistocene
Siesser, 1972; Malan,
1987
strandline (interglacial) Marker, 1975
deposits
Late Pleistocene
Siesser, 1972; Butzer,
1984
strandline (interglacial) Marker, 1975
deposits
Maud, 1968; Meaker,
>Last Interglacial
1975; Cooper &
Flores, 1991; Botha,
1997
Coetzee, 1975a, b;
Mid - Late
Pleistocene, Last
Hobday, 1979, Botha,
1997
Glacial
Alexander, 1985
Orme, 1985
Early Quaternary

Battistini and Le
Bourdiec, 1985
Mclntire, 1961
Late Pleistocene
Mid - Late Pleistocene Evans etal., 1973

30'

V

Mid - Late Pleistocene Picha, 1978
Last Glacial
Evans, 1900; Goodie
and Sperling, 1977;
Mathur, 1987
Gardner, 1983
3 8 - 2 5 ka (14C)

25" 30' 117" 30'
23° 45' 119°

V
V

2.7 - 2.3 ka (14C)
3.1 - 1.7 ka (14C)

Zaho, 1988
Qihao and Yanji, 1990

Holocene

Brooke, 1997

8° 20'

77

Australia

44
45
46
47
48

North Maret
Island, Kimberley
North West Cape,
Coral Bay
Shark Bay

North Island,
Abrolhos Islands
East and West
Wallabi Islands,
Abrolhos Islands

59'

14° 25'

124°

21" 47'

114 10'

25u 30'

113u

28° 17' 113° 37'

<130 - 118 ka (U/Th); Kendrickef a/., 1991
41 ka (aeolianite, T L )
<140 - 108 ka (UATi) Logan et al, 1970;
Read, 1974; Kendrick
etal, 1991
Late Pleistocene
Collins ef al, 1997

28" 26'

< 117ka(U/Th)

113"

35'

45'

Teichert, 1947; Zhu et
al, 1993; Collins et
al, 1997
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Table 2.1 continued
dune
unit
dated

location

latitude

49

Rottnest Island

32°

115"

30'

50

Perth coast plain

32°

115°

50'

51
52

Point Peron
Cowaramup Bay,
Western Australia
Hamelin Bay,
Western Australia
Albany coastal
region

32° 15' 115° 42'
33° 52' 115°

Late Plelistocene
Late Pleistocene

34° 12' 115° 2'

Late Pleistocene

35° 0'

55'

Late Pleistocene

33° 52' 121° 50'

Late Pleistocene

56
57

Esperance coastal
region
Eyre Peninsula
Yorke Peninsula

58

Kangaroo Island

35° 50' 137° 10'

59

37°

60

Coorong coastal
region
Warrnambool

61

Napean Peninsula

38° 7'

62
63

King Island
Flinders Island

39° 55' 144°
40° 0' 148° 2'

64

Steamers Beach

35° 11' 150° 43'

65

Lord H o w e Island

31° 35' 159° 5'

ref no.
Fig 2.2

53
54
55

34°
35°

long

117°

<

135°
137°

V

30'

V

38° 23' 142° 30'

V
V

140°

144°

40'

V

numerical or
inferred age

reference

>132 ka; <132ka;
early Holocene
(U/Th; 1 4 C)
pre OIS 7, post OIsS
5e (AAR)

Szabo, 1979;
Playford, 1988, 1997

<630 ka (TL)
Mid - Late Pleistocene
(magnetostratigraphic
measurements)
<520 ka (Sr isotope
age)
Mid - Late Pleistocene
(TL, A A R )
160 ka, 67 ka
118 ka, 5 7 - 4 7 ka
(TL)
>19 ka (U/Th)
>17 ka (14C) < Early
Pleistocene (AAR)
9 - 13 ka (TL) 8.74 ka
(14C)
<116ka(TL), <125

Playford^a/., 1976;
Murray-Wallace and
Kimber, 1989;
KendrickefaZ., 1991
Fairbridge, 1950
Fairbridge and
Teichert, 1953
Fairbridge and
Teichert, 1953
Fairbridge and
Teichert, 1953;
Kelletat, 1991
Kelletat, 1991
Belperio, 1995
Belperio, 1995

Milnesetal, 1983;
Belperio, 1995
Belperio et al, 1996
Sherwood etal, 1994;
Gill, 1973
Zhou et al, 1994
Gotdtetal, 1979
Kiernan, 1992;
Murray-Wallace, 1995
Wheeler, 1994
Woodroffe etal, 1995

ka (U/Th)

66

Norfolk Island

29° 40'

67

Ayr, Queensland

19° 34' 147° 24'

68

Vanderlin Island,
Northern Territory

15° 42' 136° 59'

Late Pleistocene

169°

Late
Pleistocene/Holocene
Late Pleistocene

Abell, 1976; Abell &
Falkland, 1991
Bird and Hopley, 1969
Galloway, 1985

Pacific Islands iand North America

69
70

N e w Caledonia
Hawaiian Islands

22°
21°

166°
157°

V

71

Channel Islands,
California
Gulf of California
coast

34°

120°

V

72

31° 20' 113°

Bird and Ilts, 1985
80 - 50 ka; 27 - 14 ka Macdonald and Davis,
1956; Campbell and
(U/Th)
Moberley, 1985;
Muhs et al, 1993
80 - 50 ka; 27 - 14 ka Johnson, 1977; Muhs
etal, 1993
(U/Th)
Flessa and Ekdale,
Late Pleistocene 1987; Ekdale, 1987
early Holocene
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Table 2.1 continued
ref no.
Fig.2.2

location

latitude

long.

dune
unit
dated

numerical or
inferred age

reference

North Atlantic and Carribean Islands

73

Bermuda

32° 17'

64° 45'

V

Interglacial highstand
deposits, OISs 5a, 5e,
7,9
(U/Th, A A R , E S R )

74

Abaco

26° 30'

77°

V

OISs 7, 5e ( A A R )

75

Bimini

25° 40'

79° 20'

76

Elethura

25° 10'

76° 30'

77

Andros Islands

25°

78°

78

N e w Providence

25°

79

Cat Island;
Exuma Islands

80

OIsS 5a, Holocene
<

OIS ?9, 7, 5e, 5a,
Holocene (AAR)
Pleistocene; >5e

77° 30'

V

24° 30'
23° 35'

75° 30'
75° 55'

V

San Salvadore

24v

74° 30'

V

Interglacial highstand
deposits, OISs 1, 5a,
5e, 7, 9, 11
(U/Th, A A R )
OIS 7, 5e, Holocene;
Middle Pleistocene,
OISs 5e, 1 (AAR);
Interglacial highstand
deposits,
OISs 1, 5a, 5e, 7, >7
(U/Th, A A R )

81
82

Lee Stocking
Southern Exhumas

23° 50'
23° 35'

76°
76°

V
V

83

Providenciales
Island
Great Inagua

21° 50'

72° 20'

21°

73° 22'

85

Yucatan Peninsula
and Islands

21° 20'

86° 48'

86
87

Cuba
Puerto Rico

23°
18° 20'

80°
66° 20'

88
89

Jamaica
Curacao,
Netherlands
Leeward Islands

18° 20'
12° 20'

77° 30'
69°

84

Sayles, 1931; Bretz,
1960; Land et al,
1967; Harmon et al,
1978, 1981, 1983;
Hearty etal, 1992;
Vacher etal, 1995
Kindler and Hearty,
1996
Kindler and Hearty,
1996
Kindler and Hearty,
1996; Hearty, 1998
Lynts, 1970; Hearty et
al, 1998.
Garrett and Gould,
1984; Hearty and
Kindler, 1997

Kindler, 1992; Kindler
and Hearty, 1996;
Hearty et al, 1998
Carew and Mylroie,
1987, 1989, 1995,
1997; Hearty and
Kindler, 1993, Kindler
and Hearty, 1995
Pleistocene, Holocene Kindler, 1995
Kindler and Hearty,
1996
Wanlessefa/., 1989
Mid. - Late
Pleistocene
White and Curran,
Late Pleistocene
1995; Hearty, 1998
<122 ka (U/Th)
Ward, 1973, 1975,
Late Pleistocene
1997; Szabo etal,
< 122 ka (U/Th)
1978
Vina, 1981
Morelock and
Trumbull, 1985
McLaren, 1995
Late Pleistocene
Mid - Late Pleistocene Schubert and Szabo,
1978
(U/Th)

OIS: Oxygen Isotope Stage (OIsS: substage), as defined by Imbie et al. (1984)
U/Th: Uranium-series dating method
A A R : A m i n o acid racemisation dating method
TL: Thermoluminescence dating method
IRSL: Infra red stimulated luminescence dating method
ESR: Electron spin resonance dating method
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Figure 2.3: Global distribution of aeolianite outcrops in 10° latitidudinal class intervals

2.5.1 T h e stratigraphy and age of major aeolianite tracts
The geomorphic, stratigraphic and chronologic data reported for the substantial aeolianite
tracts (Caribbean, southern and western Australia, South Africa and the Mediterranean;
Fig. 2.2, Table 2.2) are summarised briefly below to provide a global profile of the form
and evolution of these extensive coasts. Bermuda is of special interest as it is clear from
the literature that the chronostratigraphy of these aeolianite islands have been worked out
in greatest detail and these investigations have generated n e w theories of aeolianite
evolution. Data available for apparently extensive deposits in India, other oceanic
aeolianite islands and several geographically atypical deposits are also briefly described.
Bermuda
Bermuda, situated in the western North Atlantic Ocean, consist of numerous small and 5
main aeolianite islands (Fig. 2.2; Table 2.2). T h e islands have a land area of
approximately 50 km 2 . They sit on the Bermuda Platform, a submarine platform (depth of
~20 m ) at the top of a seamount composed of Oligocene basalt. The marine and
atmospheric environments of Bermuda are under the influence of the w a r m Gulf Stream:
ocean temperatueres are warm-temperate to subtropical, with m e a n monthly SSTs of
19.3° - 27.3° C. The climate is moist, windy and subtropical (mean annual rainfall, 1460
mm/yr). The N W side of the islands are fringed by the northernmost coral reef of the
Atlantic Ocean (Vacher and R o w e , 1997).
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The Bermudan Islands are composed predominantly of fossil shore-bordering dunes and
represent the best mapped and dated aeolianite succession of the northern hemisphere
(Fig. 2.1, Table 2.1). Bermuda has been the focus of numerous stratigraphic and
chronological studies since the mid-nineteenth century (Nelson, 1840), including the key
study of Sayles (1931) in which aeolianite successions were linked to glacioeustatic
cycles.

Bretz (1960) also made a major contribution to the understanding of the depositional
environment of aeolianite. O n Bermuda Bretz observed several Late Quaternary beach
deposits in which low-angle foreshore laminae graded up into thick dune foreset crossbeds. This observation provided evidence of the dunes being emplaced during highstands
of the sea, accumulating as shore-bordering dunes and subsequently becoming lithified.
These observations provided strong stratigraphic evidence that fossil dunes had not
migrated large distances across the platform surrounding the island during glacial periods
as proposed by Sayles (1931), thereby linking aeolianite units with interglacial sea-level
highstands and palaeosols to glacials (Bretz, 1960).

Detailed stratigraphic and chronological studies over the past 37 years have substanti
these geomorphic reasonings by proving that aeolianite accumulated on the Bermuda
platform as linear ridges that developed with lateral coalescence of lobate coastal dunes,
each phase of dune accumulation reaching elevations of up to a few tens of metres above
the source beaches (Vacher et al, 1995). Land et al. (1967) revealed the importance of the
coastal deposits of Bermuda as a Middle to Late Quaternary sea-level dipstick due to
relative tectonic stability of the island. Land et al. also showed that the terra rossa
palaeosols within the aeolianite were island-wide unconformities. Subsequently, Bricker
and McKenzie (1970) and Herwitz and M u h s (1995) have found continental dust within
the terra rossa palaeosols, derived from aerosols generated during glacial periods.

More recently, five lithostratigraphic formations have been identified on Bermuda (Vac
et al, 1995). T h e lithostratigraphy is supported by numerous geochronological
determinations (summarised in Vacher et al, 1995). Coral-bearing shallow-marine
deposits within three formations have been dated using the U/Th method (Harmon et al,
1978, 1981, 1983; Ludwig etal, 1996). The same and numerous additional units have
been dated by A A R (Harmon et al, 1983; Hearty et al, 1992; Hearty and Vacher, 1994)
and E S R (Hearty and Vacher, 1994) techniques. T h e youngest formation, the
Southampton Formation, was deposited during oxygen isotope substage 5a; 3 formations
were deposited during the last 4 interglacial highstands, Rocky Bay Formation: oxygen
isotope substage 5e; Belmont Formation: oxygen isotope stage 7; T o w n Hill Formation,
upper member: oxygen isotope stage 9, lower member: oxygen isotope stage 11 and prior
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to 700 ka. Also, the Walsingham Formation was deposited prior to 880 ka (Hearty et al,
1992). These studies have established Bermuda as one of the world's key long records of
Quaternary coastal environments (Vacher et al, 1995; Vacher and R o w e , 1997).

Palaeosols on Bermuda, similar to those commonly described in aeolianite at numerous
locations ( M c K e e and Ward, 1983), have been particularly useful for stratigraphic
interpretations, evolutionary studies and dating programs (especially A A R ) as they contain
fossil snails (e.g. Poecilozonites; Land et al, 1967; Gould, 1969; Hearty et al, 1992;
Vacher et al, 1995). The palaeosols range from structureless sand layers without
pedogenic colouration, representing short local pauses in sedimentation (possibly the time
between major storms, Vacher et al, 1995), to more stratigraphically significant,
pedogemcally altered layers, often with large rhizoliths, representing regionally significant
hiatuses which define allostratigraphic units, to well-developed, clay-rich, brown to
reddish-brown palaeosols, often termed terra rossa palaeosols (Vacher et al, 1995). O n
Bermuda, terra rossa palaeosols developed during predominantly glacial periods. A
moderately developed terra rossa was found to represent an hiatus of approximately
80,000 years (Vacher et al, 1995).

The Bahamas and the northern Carribean
The Bahaman Archipelago extends for more than 1,200 k m between Grand Bahama
Island, off the southeastern coast of Florida, to Great Inagua Island, north of Haiti (Fig.
2.2). It consists of numerous islands and cays atop a carbonate platform k n o w as the
Bahaman Banks (depth -20 m ) . This platform is considered stable tectonically or
experiencing slight subsidence (Mullins and Lynts, 1977). Subaerial deposits, comprising
oolitic and bioclastic grainstone and reef limestone, are predominantly aeolianite. In
general, aeolianite units on these islands form a succession of elongate coastal ridges,
often anchored between headlands of older aeolianite (Garrett and Gould, 1984; Carew
and Mylroie, 1987, 1989, 1997; Hearty and Kindler, 1993; Kindler and Hearty, 1996,
1997; Hearty, 1998). Aeolianite reaches a m a x i m u m elevation of 63 m on Cat Island
(Kindler and Hearty, 1996).
Recently, it has been shown that several major aeolianite grainstone units are
petrologically distinct and can be matched between Bahaman islands (Kindler and Hearty,
1996; Hearty and Kindler, 1997). Numerous studies have also provided relatively detailed
age control (U/Th, A A R ,
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C) for these units and reefal limestone outcrops which were

laid d o w n during the middle and late Holocene, and in the Middle to Late Pleistocene
during oxygen isotope substage 5e and stages 7, 9 and 11 (Garrett and Gould, 1984;
Chen etal, 1991; Carew and Mylroie, 1995, 1997; Hearty and Kindler, 1993, 1997;
Kindler and Hearty, 1995, 1996; Hearty, 1998). These studies have provided strong
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evidence of the repeated deposition of aeolianite during interglacial periods, when sealevel was at or within a few metres of present, as well as deposition of significant dune
units during an interstadial highstand (substage 5a, Hearty and Kindler, 1993; Kindler
and Hearty, 1996; Hearty, 1998). During predominantly glacial periods, soils formed on
the carbonate landforms. Following burial by subsequent highstand sedimentation the
soils were often preserved as palaeosols within the aeolianite succession (Boardman et al,
1995).
The Bahaman stratigraphy appears similar to the highstand deposits of Bermuda (Hearty
and Kindler, 1995), being controlled by the flooding of the carbonate platform during
Middle to Late Quaternary sea-level highstands w h e n sea levels were above 2 0 m below
the present M S L . A major difference between the two aeolianite regions is the absence of
Holocene aeolianite on Bermuda in contrast to the ubiquitous middle and late Holocene
deposits throughout the Bahamas (Vacher et al, 1995; Kindler and Hearty, 1996; Hearty
and Kindler, 1997). Vacher et al. (1995) considered the absence of Holocene deposits
relate to the lag in dune deposition after initial flooding of the Bermuda platform: 4 ka of
the present highstand has not been long enough for sufficient carbonate production. In
turn, sediment delivery is a function of platform morphology. Sediment off the windward
shoreline of Bermuda is at present backed up against a step in the main platform terrace
between the line of reefs and platform edge (Vacher et al, 1995). In contrast, sediment is
supplied to beach-dune complexes on Bahaman shorelines from extensive marine sand
belts. The sediment is transported across the gently sloping offshore zone on the
windward side of m a n y Bahaman islands (Garrett and Gould, 1984). W a r m e r SSTs have
led to the production of oolites on the B a h a m a n Banks, and, with strong onshore
currents, has increased further sediment supply to these islands (Hearty and Kindler,
1995).
On the Caicos Platform, at the southern end of the Bahaman archipelago, similar islands
have also formed during the Quaternary. Aeolianite comprising fine-grained oolitic
grainstone forms m u c h of the land area on these islands (Wanless, 1989).
Aeolianite and shallow-marine deposits have also been examined or reported at several
other locations west and south of the Bahamas in the northern Carribean. These deposits
are likely also to relate to the highstand sedimentation found in the Bahamas. Most notable
are the aeolianite islands and coastline of the Yucatan Peninsula on the southeast coast of
Mexico (Ward, 1973, 1975, 1997). Here, Pleistocene and Holocene aeolianites form
shore-parallel ridges on the northeastern coast of the peninsula, along approximately 38
k m of coastline. Offshore, elongate, narrow islands of aeolianite exhibit shoreline cliffs
up to 18 m high. The U/Th age of coral clasts within beach sediments in the base of the
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cliffs on the peninsula coast and on Cozumel Island indicate the aeolianite was deposited
shortly after 120 - 125 ka (Szabo, et al, 1978). T h e aeolianite consists of skeletal
carbonate grains (forams, red algae and echinoderms), oolites and lithoclasts of older
carbonate rock, with late Holocene aeolianite (2.7 ka - radiocarbon age of basal shell
deposit) dominated by ooids (Ward, 1973).

Outcrops of Pleistocene marine limestone and aeolianite have been reported for the Caut
region on the southwest coast of Cuba (Vina, 1981). Similar deposits are reported to
outcrop along the north coast of Puerto Rico at Puerto Vacia Talega and Punta Maldonado
and in offshore remnants (Morelock and Trumbull, 1985). Late Pleistocene aeolianite also
crops out on the coast of Jamaica (McLaren, 1995).
Western and southern Australia
The world's most extensive aeolianite tracts occur along the southern and southwestern
coasts of Australia (Fig. 2.2). Large stretches of aeolianite on the west coast, over 800 k m
of coastline from Cape Range on the central coast to Cape Leeuwin at the southwestern
corner of Western Australia, and nearby aeolianite islands were the subject of several
significant early studies (Fairbridge, 1948, 1950; Teichert, 1947, 1950; Fairbridge and
Teichert, 1953). Aeolianite is exposed in coastal cliffs, forming outcrop tens of metres
thick in the south to over 150 m thick on the central coast. D u n e units are often
interspersed with shallow-marine units, the succession collectively k n o w n as the Tamala
Limestone Formation (Playford et al, 1976). The Tamala Limestone has been considered
composed of Late Pleistocene units (Teichert, 1947, 1950), in places capped by dunes
interpreted as Holocene deposits (Fairbridge and Teichert, 1953).

The early chronological interpretations of the Western Australian outcrops are based on
field studies and geomorphic interpretations. Subsequent U/Th ages for corals from reef
units on Rottnest Island, 18 k m off the coast from Perth, and Houtman Abrolhos Islands,
70 k m off the coast and 450 k m north of Perth, confirmed the interpretation of reef units
as Last Interglacial (Veeh, 1966), the overlying aeolianites as Late Pleistocene and
underlying units as Middle Pleistocene. Later radiometric (U/Th, E S R ,
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dating of corals and molluscs from reef and beach units within aeolianite successions on
Rottnest and the Abrolhos Islands and along the mainland coast further support the earlier
interpretations and extended the k n o w n extent of Last and Penultimate Interglacial
shallow-marine units (Playford, 1988, 1997; numerous dating results are summarised in
Murray-Wallace and Kimber, 1989; Zhu etal, 1993 ; Eisenhauer, 1996).
The process of aeolianite formation in Western Australia proposed by Fairbridge and
Teichert (1953) was modified later by Fairbridge (1995) w h o considered dune formation
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linked to abrupt drops in sea-level with an arid climate marked by onshore winds. This
interpretation differs considerably from the B e r m u d a model of Interglacial dune
formation. Similarly, Playford (1988) considered aeolianite of the Tamala Limestone
overlying Last Interglacial reef and beach deposits to be of Last Glacial age as it
apparently extends up to 70 m below present sea level. However, between Geraldton and
Cape Naturaliste (over 600 k m of coast) aeolianite ridges run parallel to and near the
present shoreline and the base of dune units are evident near the present sea-level. This
observation led Kelletat (1991) to interpret this tract of aeolianites as being deposited
during high sea levels of the Pleistocene. Further north at Cape Range, a T L age of 41 ka
for an aeolianite unit (Kendrick et al, 1991) suggests some reworking of what Kelletat
(1991) described as strandline deposits - the Last Glacial dune units m a y represent
reworked Last Interglacial barrier deposits. However, Kendrick et al. (1991) considered
that the aeolian sediment m a y have been sourced from deposits emplaced during relative
highstands of the sea during the glacial period (e.g. oxygen isotope stage 3). In contrast to
the B a h a m a s and Bermuda, the vast scale of the Western Australia deposits, their
remoteness and difficulties in accessing outcrops in cliffs whichriseup to 150 m above
the shoreline, appears to have mitigated against detailed chronostratigraphic studies of the
deposits. Aeolian units in the Tamala Limestone are therefore yet to be stratigraphically or
chronologically examined in detail.
Another major aeolianite tract lies along much of the southern coast of Australia.
Aeolianite is exposed in sections along the southwestern coast, between Albany and
Esperance, overlying Precambrian granite and in places overlain by transgressive dunes of
Holocene age (Kelletat, 1991). T o the east, on the Roe coastal plain on the western side of
the Great Australian Bight, calcareniterichin marine fauna of Pliocene - Early Pleistocene
age ( A A R ) has been described (Murray-Wallace, 1995). O n the eastern side of the Great
Australian Bight, correlatives of these marine beds crop out in the base of cliffs (up to 150
m thick) composed predominantly of thick carbonate dune units. This aeolianite is mapped
as the Bridgewater Formation, a Middle - Late Pleistocene unit (Belperio, 1995).

Along a 500 km section of the western coast of the Eyre Peninsula of South Australia, th
eastern margin of the Great Australian Bight, a spatially condensed series of aeolianite
ridges (approximately 10 m high) of the Bridgewater Formation are evident in numerous
embayments (Belperio et al, 1995). These embayed deposits appear to be a lateral version
of the stacked Bridgewater aeolianite succession. A basal mollusc-rich lagoon facies
associated with the two most seaward ridges in several of these embayments, has been
dated by A A R (U/Th calibrated) techniques as Last Interglacial and Holocene (Belperio et
al., 1995). Further south, aeolianite of the Bridgewater Formation also crops out in
coastal cliffs, up to 150 m thick, on the Yorke Peninsula and Kangaroo Island. T L age
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estimates of the outcrop on the Eyre Peninsula coast, magnetostratigraphie age estimates
of the base of the aeolianite cliff on southern Yorke Peninsula, and Sr isotope age
estimates of a marine bed in the base of one of the aeolianite cliffs on Kangaroo Island all
indicate the stacked dune units have been deposited since approximately 630 ka (Belperio,
1995). However, no detailed chronostratigraphy has been attempted for this aeolianite
complex.

On the Coorong coastal plain in southeastern South Australia, the eastern section of th
aeolianite tract, there are a series of fourteen distinct aeolianiteridgesof the Bridgewater
Formation, termed coastal ranges. These ranges, each approximately 1 - 3 k m in width,
form a lateral succession across the Coorong coastal plain,risingto 30 m above the plain
and paralleling the coast for up to 250 k m (Sprigg, 1952; Belperio et al, 1995; Belperio et
al, 1996; Murray-Wallace et al, 1998). D u e to the gentle uplift of the coastal plain during
the Quaternary, shoreline barriers (dune and subordinate beach and lagoonal units)
emplaced during sea-level highstands became elevated relative to subsequent highstands.
As they were relatively rapidly cemented and capped by calcrete, the barriers have been
well preserved. The Woakwine Range has been dated as Last Interglacial, oxygen isotope
substage 5e, by U/Th (Schwebel, 1984) and A A R (Murray-Wallace and Kimber, 1987;
Murray-Wallace and Belperio, 1991) methods. Thirteen ranges have been T L dated
(Huntley etal., 1993, 1994; Murray-Wallace etal., 1996), revealing a sequence of
increasing age inland from the coast, the dates matching Interglacial highstands during
oxygen isotope stages 5, 7, 9, 11, 13, approximately stage 19 and between oxygen
isotope stages 21 and 25. Aeolianite on the Coorong coastal plain also records significant
barrier formation during interstadials, during oxygen isotope substages 5c, 7a and 9a
(Huntley etal, 1993, 1994; Belperio etal, 1996; Murray-Wallace etal, 1998).
Quaternary coastal barriers on the Coorong coastal plain and in embayments of the Eyre
Peninsula were deposited and fixed as coastal landforms rather than being reworked
during glacial periods, in contrast to the history of siliciclastic coastal barriers on the
eastern coast of Australia. O n the east coast, numerous chronological (TL,
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investigations of coastal dune barriers (Pye, 1993; Bryant et al, 1994, 1997; Thorn et al,
1994) have revealed that m a n y of these extensive deposits are Holocene, or Late to Middle
Pleistocene deposits that were reworked primarily during the Last Glacial (most T L ages <
40 ka). Older, preserved Late and Middle Pleistocene coastal barriers are uncommon,
although several remnant beach and dune deposits related to the Last and Penultimate
Interglacials have been identified (Bryant, 1997; Roy et al, 1995). These chronologies
highlight the preservative effect of relatively rapid carbonate cementation and pedogenic
calcrete development experienced by Pleistocene carbonate dunes of southern Australia.
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East of the Coorong coastal plain in Victoria, aeolianites at the eastern end of this tract
have also been dated (TL) as Last Interglacial at W a r m a m b o o l (Sherwood et al, 1994;
Oyston, 1995) and the Nepean Peninsula (Zhou et al, 1994). However, on the Nepean
Peninsula, three aeolianite units separated by palaeosols, overlying Last Interglacial
aeolianite, were deposited between 47 - 23 ka (TL, Zhou et al, 1994) suggesting
reworking of the older aeolianite during the Last Glacial.
South Africa
Aeolianite is widely distributed on the southern and eastern coasts of South Africa (Fig.
2.2, Table 2.1). Major exposures have been described along sections of the southern
coast between Saldanha Bay and East London, on the Durban coast and further north
along the K w a Zulu coast, extending into Mozambique (Marker, 1976). O n the southern
coast, between Hermanus and Mossel Bay, Pleistocene aeolianite includes calcrete lenses,
the complete succession is up to 60 m thick and extends up to 15 k m inland (Malan,
1987). In the Wilderness area, aeolianite forms coastal cliffs up to 200 m thick,
comprising multiple aeolian units separated by palaeosols. In places this aeolianite has
been deposited in association with beach sediments, apparently during the Late
Pleistocene (Martin and H e m m i n g , 1987).
Along the Durban coast three dune units have been identified (Maud, 1968). However,
only the younger Middle - Late Pleistocene unit is cemented, the two older uncemented
red sand units are leached dune sand which originally contained less than 2 5 % carbonate
grains (Yallon, 1983). The aeolianite is composed of between 4 0 % - 5 0 % carbonate,
comprising bioclastic grains including foraminifera and gastropod fragments, the
remaining fraction being quartz and feldspar grains. The presence of the foraminifer
Amphistegina radiata records w a r m water conditions at the times of deposition (Maud,
1968). Coastal aeolianite ridges are also evident along large expanses of the K w a Zulu
coast north of Durban (Marker, 1976; Yallon, 1983; Botha, 1997). N o numerical ages for
the South African aeolianite appear to have been reported.

Mediterranean coasts
Several regions of the Mediterranean coast include significant aeolianite deposits (Fig.
2.2). Middle to Late Quaternary marine terraces are found throughout the western
Mediterranean (Hearty et al, 1986) and have experienced varying degrees of tectonism
(Hey, 1978). These terraces often include both aeolian and marine skeletal and ooidal
grainstones. At numerous locations thick aeolianite units are exposed in shoreline cliffs
and have been mapped and dated at several sites (Table 2.2).
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O n the Mediterranean coast of Spain, in the Valencia region, Pleistocene carbonate dunes
are preserved seaward of the Tertiary limestone cliffs (Fumanal, 1995). A n extensive
dune unit, with exposures up to 30 m thick, was dated as Last Interglacial (TL), while
smaller dune units have T L ages of 39 ka, 50 ka and 53 ka (Fumanal, 1995). These
results were interpreted by Fumanal to suggest aeolian mobilisation of beach sediments
during transgressive and regressive periods, possibly with successive pulses of shallowmarine sediment. The different generations of dunes were found to be petrologically
distinct, with the oldest being oolitic, the rest calcareous with a large component of silicic
material (Fumanal, 1995).
On the island of Minorca, south of Barcelona, three aeolianite units, up to 10 m thick,
exposed along the shoreline and were considered to date from the Pliocene/Pleistocene,
the early Pleistocene and Last Glacial respectively (Henningsen, 1990). U/Th and A A R
dating of several sites in this region indicates that marine units within the intercalated and
disjunct outcrops were deposited with high sea-level events during oxygen isotope stages
5, 7 and 9, with one group of results indicating an age of greater than 800 ka (Hearty et
al, 1986).

In the eastern Mediterranean, thick aeolianite exposures have been described on the coa
of Lebanon and Israel (Table 2.2). At Galilee, on the coastal plain of northern Israel,
shallow marine and dune units form a Pleistocene sequence up to 4 0 m thick. The
stratigraphic position of these units suggests deposition during interglacial or interstadials
between oxygen isotope stage 7 and the Holocene (Sivan and Gvirtzman, 1996). Similar
ridges parallel to the coast near Tel-Aviv, are composed of varying amounts of skeletal
grains (coralline algae, molluscs, coral, echinoids and foraminifera), ooids, pellets,
intraclasts, quartz, feldspars and heavy minerals, and each ridge has been assigned an
Interglacial age, oxygen isotope stages 5, 7, 9 and 11 (Gavish and Friedman, 1969).
However, luminescent ages of these outcrops do not support this classification. Between
Netanya and Tel Aviv there are 4 - 5 shore-parallel Quaternary ridges up to 3 0 m high. The
most seaward ridge comprises 4 dune beds and 2 palaeosols, the dune units having IRSL
ages of 64 - 59 ka and 53 - 51 ka (Porat and Wintle, 1995). These results suggest
stabilisation occurred during oxygen isotope stage 3, when sea level was low, indicating
the Kurkar ridges m a y not necessarily be highstand deposits and have a more complex
stratigraphy than previously described (Porat and Wintle, 1995).

On the northwestern coastal plain of Egypt, a lateral succession of four aeolianite rid
parallel the coast. They are composed of oolitic and bioclastic grainstone and have been
relatively well-dated by U/Th,
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C and A A R methods (El-Asmar, 1994). The ages

obtained identify deposition during the mid Holocene, oxygen isotope substages 5a/5c
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and 5e, and oxygen isotope stage 9 (El-Asmar, 1994). Extensive outcrops of Late
Quaternary aeolinaite are found further east in Libya and Tunisia. M a n y have eroded into
cliffs in which dune units overlay Last Interglacial (U/Th) beach deposits (Hoque, 1975;
Paskoff and Sanlaville, 1986). O n the Tunisian coast, two younger Late Pleistocene dune
units, separated by continental dust deposits, overlay a Last Interglacial beach unit and are
in turn capped by a Holocene dune, continental dust and modern sediment (Paskoff and
Sanlaville, 1986).

On both the northern Atlantic and Mediterranean coasts of Morocco, Quaternary aeolianit
is exposed on a series of marine terraces (Weisrock, 1985). O n the Mediterranean coast,
skeletal carbonate shallow marine and dune units (up to 5 m thick) have been described at
several sites. Only the marine units have been studied in detail (Bruckner, 1986). O n e
dune unit overlying Last Interglacial beach sediments has a T L age of 114 ka (Bruckner,
1986). However, up to 5 dune units separated by palaeosols have been described on the
coast near Kebdana (Alouane and Aberkan, 1998). A A R dating of aeolianites in this
region also indicate a oxygen isotope substage 5e age for a major dune unit (Hearty et al,
1986). The Atlantic coast of Morocco, especially the northwestern coast, has experienced
gradual uplift since the late Miocene and transgressive littoral deposits composed of
marine and dune carbonate are exposed. In places aeolianite inferred to be Middle to Late
Pleistocene, formsridgeswith up to 20 m of relief (Streams, 1978).
India
Large sections of the Gujarat coast of India are composed of aeolianite, forming coastal
cliffs and ridges and often extend several kilometres inland (Evans, 1900; Mathur, 1987).
Aeolianite has been deposited during the Pleistocene and Holocene, the Miliolite
Formation representing the major Pleistocene aeolianite unit of this region (Mathur, 1987;
Fig. 2.2, Table 2.2). The Miliolid foraminiferal grains characteristic of this unit have also
been transported hundreds of kilometres inland into the Thar desert and the depositional
environment of some of these deposits has been contentious (Sperling and Goodie, 1975,
Goodie and Sperling, 1977, Mathur, 1987).
Bedi and Rao (1984) describe the geomorphology of the coastal region of Saurashtra in
Gujarat. Here, Miliolite dune deposits are exposed along most of the coast, in places
forming cliffs 5 - 20 m high comprising thick foreset cross-beds. Aeolianite has also been
reported on the southern coast of India, with a
(Gardner, 1983).
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Pacific, Atlantic and Indian Ocean islands
Aeolianite has been reported on a relatively small number of islands in the Pacific Ocean
(Fig. 2.2, Table 2.2). Bird and Ilts (1985) mention the outcrop of aeolianite on the
western coasts of Puen, Hugen and Mathieu Islands, 50 k m northwest of Noumea. In the
Tasman sea to the south, aeolianite occurs on Lord H o w e Island (Etheridge, 1889;
Standard, 1963; Woodroffe et al, 1995; discussed in a separate section below), Norfolk
Island (Abell, 1976; Abell and Falkland, 1991) and Flinders Island (Kiernan, 1992).
Speleothem deposited in caves formed in aeolianite on Flinders Island were dated as Last
Glacial, 17 ka ( 14 C), and the ages of speleothems from other Bass Strait islands cluster
between 15 - 19 ka (U/Th, Kiernan, 1992), indicating a Late Pleistocene or greater age
for the aeolianite.
Aeolianite outcrops on all the Hawaiian Windward Islands (major islands east from
Kauai) except Hawaii, with dunes extending at least several metres below sea-level
(Macdonald, 1956). Similar fossil dunes occur on the south coast of Kauai. Along the
southern coast of the leeward island of Niihau aeolianite is exposed in cliffs thatrise3 15 m above the shoreline (Campbell and Moberley, 1985). The ancient dunes extend at
least several metres below present sea level. The dunes, therefore, are thought to have
been deposited during a period of lower Pleistocene sea level (Campbell and Moberley,
1985). Rhizoliths (secondary carbonate root casts) from Hawaiian aeolianites have been
U/Th dated and the results interpreted as indicating two periods of dune formation
between 80 - 50 ka, and 27 - 14 ka (Muhs et al, 1993). D u n e emplacement was
considered to have occurred during glacial sea-level lowstands, when shelf sediments
were extensively exposed to aeolian reworking (Muhs et al, 1993).
The Californian Channel Islands of San Miguel, Santa Rosa, Santa Cruz, San Nicolas
and San Clemente, off the southern Californian coast, have extensive aeolianite outcrops,
with at least three dune units separated by palaeosols (Johnson, 1977). Radiocarbon ages
of in situ tree trunks buried in the aeolianite on San Miguel Island range from >40 ka 17.4 ka (Johnson, 1977). The results of subsequent U/Th dating of rhizoliths in these
aeolianites generally agree with the 1 4 C ages, falling into two groups, 80 - 50 ka and 27 14 ka, suggesting to M u h s (1992) and M u h s et al. (1993) that the dunes were deposited
during glacial sea-level lowstands. In the aeolianite exposures on these islands, foreset
bedding orientations are to the SE, indicating a dominant N W wind, similar to the present
(Johnson, 1977).

In addition to Bermuda, Late Pleistocene aeolianites have been examined on the Atlanti
islands of the Outer Hebrides, Azores, Madeira, Canary Islands, Cape Verde Islands,
Fernando de Noronha Islands, Ascension, Saint Helena, Martin V a z and Trindade Islands
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(Fig. 2.2, Table 2.2). Aeolianite on Saint Helana was examined by Darwin (1851) and
later by Daly (1927). At Saint Helena, both geologists provided insightful observations of
aeolianite outcrop; Darwinfirstsuggesting the link between aeolianite and a lower sealevel and Daly making the suggestion that aeolianite m a y be related to second-order rather
than glacial age falls in sea-level (discussed above).

Extensive aeolianite deposits have been described on Madagascar and Mauritius in the
southwestern Indian Ocean. Aeolianiteridgeson Madagascar, up to 15 k m long, parallel
sections of the southeastern coast, while on the southern coast, from Port Dauphin to
west of Cape Sainte Marie, aeolianite crops out on coastal promontories and bay
headlands up to an elevation of 200 m (Battistini and Le Bourdiec, 1985). O n Mauritius, a
mid-ocean volcanic island, and surrounding islands in the Mahebourg area, aeolianite
exposures are evident up to 2 0 m above sea level, are composed of coral and shell
fragments and are considered to be Late Pleistocene (Mclntire, 1961; Fig. 2.2, Table
2.2).
Atypical locations of aeolianite
Outcrops of aeolianite at relatively high and low latitudes have also been described (Fig.
2.2; Table 2.2). These outcrops represent relatively small carbonate dunes deposited in
response to special regional or local marine and terrestrial conditions. Aeolianite on the
Outer Hebrides of Scotland (Ritchie, 1985) represents a high-latitude example of a
shoreline marginal to a sub-polar carbonate province (Rao, 1996).
Davis (1985) has described the formation of modern carbonate beaches within coastal
regions generally dominated by terrigenous sediments, where sections of inner shelf
isolated from terrigenous sediment input m a y develop mollusc-rich banks which supply
predominantly carbonate sediment to the shoreline. Steamers Beach on the siliciclastic
southeastern coast of Australia (Wheeler, 1995) and the coast of southeast Ghana (Talbot,
1980) provide temperate and tropical examples of these types of aeolianite (Table 2.2).
The southeastern coast of China also appears dominated by the input of terrigenous
sediments yet Holocene aeolianites outcrop along the Fujian coast (Zhao, 1988; Zhao and
Goldsmith, 1989; Zhao et al, 1990) and on islands off the coast of Quandong (Qihao and
Yanji, 1990; Fig. 2.2, Table 2.2). The deposits comprise approximately 5 0 % skeletal
carbonate grains and are preserved as patches on ridges above modern beaches. They
were deposited in the mid - late Holocene by winds similar to the present. However, no
analogous modern dune deposits are evident on these coasts (Zhao, 1988; Zhao and
Goldsmith, 1989).
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2.5.2 Classification of aeolianite
The distribution and descriptions of aeolainite presented above indicate that continental
and island aeolianties are the two distinct types of outcrops. Continental aeolianites are far
larger volumetrically than island outcrops and represent the accumulation of vast quantities
of Heterozoan temperate and subtropical carbonate. These deposits also often include a
minor to moderate fraction of terrestrial sediment. T h e deposits have predomiantly
accreted along the continental margins of shallow carbonate shelves, primarily in the
southern hemisphere (Fig. 2.2).

Although aeolianite islands are reported from a wide range of settings (Table 2.2), three
general types are evident, 'shelf, 'bank' and 'middle-ocean' aeolianite islands. 'Shelf
aeolianite islands are situated on continental shelves, the aeolianite usually appears related
to an adjacent continental tract and lie within a cool water or subtropical carbonate
province. The islands m a y be entirely aeolianite (e.g. Rottnest Island, Abrolhos Islands),
though usually with a significant lithic fraction derived from the nearby land mass, or a
composite carbonate island (Vacher, 1997) comprising outliers of the continent upon
which carbonate has accreted (e.g. Channel Islands, Minorca). 'Bank' aeolianite islands
are primarily accumulations of Photozoan and Heterozoan tropical and subtropical
carbonate and usually include little or no siliciclastic sediment as the dunes have accreted
on shallow carbonate banks or platforms. M o s t are located in the Caribbean (e.g.
B a h a m a n Islands; Yucatan Islands). Others are found on oceanic carbonate platforms
(e.g. Bermuda; Fernando de Noronha Archipelago). 'Middle-ocean' aeolianite islands are
also composite carbonate islands. These islands are usually remote volcanic islands,
surrounded by shallow platforms, on which aeolianite has accreted (e.g. Atlantic Ocean
islands; Lord H o w e Island; several Hawaiian Islands, Table 2.2). M a n y of these have
been reported to comprise temperate and subtropical Heterozoan carbonate assemblages
(Darwin, 1851; Etheridge, 1889; Daly, 1927; Standard, 1963; Miiller and Tietz, 1975)
reflecting past subtropical and temperate water temperatures.
The Coorong coastal ranges of South Australia represent the best-studied continental
aeolianite (as discussed above). This succession clearly records coastal barrier formation
during interglacial and interstadial highstands throughout approximately the last one
million years. However, chronological data of continental aeolianite in Western Australia,
souteastern Australia and the Mediterranean suggests s o m e glacial reworking of older
carbonate or reworking of sediment from a lower glacial shoreline (e.g. oxygen isotope
stage 3; Table 2.2) indicating a complex origin for the aeolianite.
As discussed above, the chronostratigraphy of aeolianite on the islands of the Bahamas
and Bermuda show shoreline accretion of beach and dune sediments occurred during at
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least the last four interglacial highstands. Subordinate interstadial units have also been
identified. Other islands on which aeolianite extends below present M S L (e.g. Rottnest
Island, Lord H o w e Island, Hawaiian Islands, Channel Islands) m a y also have
experienced dune accretion during interstadial sea-level highstands. Also, as suggested by
some continental deposits, aeolianite m a y have been emplaced during glacial periods either
with the reworking of relict highstand sediments or as carbonate sourced from shorelines
formed during sea-level highstands in glacial periods. These depositional scenarios of
highstand sedimentation, lowstand reworking of coastal deposits or a complex history of
deposition during glacial and interglacial periods represent a set of hypotheses which m a y
be useful to the interpretation of aeolianite on Lord H o w e Island. A s proposed by
Chamberlain (1975, first published in 1890), multiple working hypotheses represent a
means of checking preconceptions inherent in all theories that are brought to geological
problems (discussed further in Chapter 7).

2.6 Past Studies of aeolianite on Lord Howe Island
Islands m a y be especially useful locations for examining aeolianite as they often provide a
variety of longitudinal and transverse exposures due to shoreline erosion along both
leeward and windward coastlines (e.g. Vacher, 1973; Hearty and Kindler, 1993; Vacher
et al, 1995; Carew and Mylroie, 1995). Lord H o w e Island, like the Channel Islands of
California, the Canary Islands and St Helena Island is a composite carbonate island
(Vacher, 1997) where carbonate dunes have piled up on igneous rock. However, Lord
H o w e Island also shares many similar environmental features with Bermuda. Both islands
are remote from terrestrial sediment sources at similar latitudes within each hemisphere.
Both islands lie at the boundary of tropical and temperate carbonate environments,
representing the world's northern and southern limits of coral reef growth due to their
location within the stream of w a r m ocean currents. Beyond sections of fringing reef, both
islands are surrounded by shallow submarine platforms, although the Bermuda platform
at a depth of 20 m is somewhat shallower than the Lord H o w e platform which sits at a
depth of 30 - 50 m . In contrast to Bermuda which is entirely carbonate atop a submarine
volcanic pedestal, Lord H o w e Island is predominantly volcanic, with the majority of the
island comprising basaltic mountains and hills, carbonate representing approximately 2 0 %
of the 15 k m 2 land area.
The first account of Lord Howe Island's geology was by R.D. Fitzgerald which appeared
in the report of Hill (1870). In the report, aeolianite is mentioned briefly as "coral" and
palaeosols are described as a red clay horizon. Another short description of the geology
by Wilkinson was presented in Wilson's (1882) report, providing a brief description of
the aeolianite and thefirstgeological m a p of the island. However, it was not until the
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monograph of Etheridge (1889) that a detailed description of the geology per se and
specifically the aeolianite was produced.

Etheridge referred to aeolianite as the "Coral-sand rock Series" and recognised its aeol
origin, though he was unaware of the diagnostic nature of the high-angle cross-bedding.
During his visit to the island he also collected several specimens of the extinct horned
turtle Meiolania platyceps. The samples were discovered in a red soil unit at Old
Settlement Beach and in a shallow-marine unit at Neds Beach. Etheridge began detailed
descriptions of these and m a n y other specimens of this turtle, work continued and
completed by Anderson (1925). Anderson proposed later that it was a terrestrial reptile
(Anderson, 1930), a view supported by the more recent study of Meiolania by Gaffney
(1983, discussed below). In his work on the aeolianite it is significant that Etheridge
(1889) drew on the classic studies of Bermuda by Nelson (1837), Saint Helena and
Ascension Islands by Darwin (1851), Norfolk Island by Carne (1885), and the work of
Dana (1872: numerous carbonate islands) to provide important background to his m a n y
insightful observations of the aeolianite.

Two major units in the aeolianite were described by Etheridge (1889), evident in
exposures at Neds Beach, Signal Point and Johnsons Beach. H e found the units were
separated by a palaeosol which contained fossil snails and bird bones and at several sites
the lower unit overlay a "red clay bed" at the contact between the aeolianite and basalt. H e
concluded that cross-bed dip orientations were variable and distinctly different between
the eastern and western coasts. His petrological analysis of several aeolianite samples
revealed well-sorted and rounded grains comprised of 9 0 % skeletal carbonate grains,
dominantly of "nullipores and calcareous algae", with a moderate component of coral
grains, volcanic minerals (augite, magnetite) and basalt grains, which he found very
similar to the modern beach sand. H e noted the variable nature of aeolianite cementation
by predominantly calcite and occasional dark "volcanic cement", apparently comprising
secondary minerals of weathered volcanic grains.
Importantly, Etheridge (1889) observed that the only modern dune was at Blinkenthorpe
Beach and was quite small compared to the fossil dunes. H e also observed that aeolianite
extended below sea-level in the lagoon. This appears to have led him to suggest that the
aeolianite was originally deposited over what was likely to be at least three separate basalt
islets, the aeolianite "deposited on the denuded flanks and perhaps summits of preexisting hills". H e also m a d e the conjecture that a slight rise or fall in sea level would have
a major impact on the low-lying section of the island, with a slightrisein sea level, "a
depression of but comparatively few feet", to result in the erosion of the aeolianite and the
reappearance of a series of islets, or a slight fall in sea-level, "a slight upheaval", to
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produce "circumstances favourable for the accumulation of the Coral-sand rock", with a
sediment source provided by reworked reef sediment (Etheridge, 1889). This remained
the only significant description or investigation of the aeolianite until the papers of
Standard (1963) and Squires (1963).

Standard (1963) presented a slightly revised geological map of the island and bathymetr
data for the submarine platform surrounding the island, revealing a depth of between 30 50 m for m u c h of the platform. H e proposed that a low sea-level (-100 m ) during the
Pleistocene exposed the platform, resulting in sediment on the platform being reworked
into mobile dunes which accumulated around the base of the volcanic hills. However,
only a brief general description of the aeolianite was provided in which the aeolianite was
called the Neds Beach Calcarenite. A mean vector of 170° was given for cross-bedding in
the aeolianite. Bedding orientations divergent to this on the west coast at Cobbys Corner
and Johnsons Beach were considered related to the protection from the prevailing wind
afforded by North Ridge, Transit Hill and Intermediate Hill (Standard, 1963).
The short paper of Squires (1963) provided the first 14C ages for the aeolianite. Land
snails (Placostylus bivaricosus) from a palaeosol in the base of the aeolianite cliff at the
southern end of Middle Beach returned an age of approximately 20,700 yrs B P , while a
coral clast from the beach unit in the base of the cliff at Neds Beach was dated as >38,500
yrs B P (Table 2.3). Squires (1963) interpreted the Middle Beach palaeosol from which
the Placostylus were collected to have formed during the Last Glacial. This palaeosol
underlies a major dune unit interpreted as deposited after the Last Glacial, during the postglacial transgression. A s the 1 4 C age of the coral from Neds Beach was a m i n i m u m age,
the beach deposit was considered to have been emplaced during the Last Interglacial
(Squires, 1963).

Guilcher briefly visited Lord Howe Island in 1972 and described the reef and aeolianite,
especially aeolianite outcrops at Neds Beach and Middle Beach (Guilcher, 1973). H e
noted their resemblance to the Late Pleistocene aeolianites on the Moroccoan Atlantic
coast, and suggested that the beach unit at Neds Beach was Last Interglacial. The aeolian
units were interpreted to have been deposited during the marine regression following this
highstand (Guilcher, 1973).

Detailed petrological and sedimentological data and an outline of the general stratigra
of the modern and fossil carbonate deposits on Lord H o w e Island was presented in the
unpublished thesis of Mattes (1974). Mattes considered that the aeolianite comprised a
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Table 2. 3: Radiocarbon ages from past studies of aeolianite on Lord Howe Island

location

setting

sample

14

C age

reference

Neds Beach

laminated beach
sediments, base of
cliff, S E end of beach

coral (Pocillopora)

>38,500

Squires (1963)

Neds Beach

laminated beach
sediments, base of
cliff, S E end of beach

coral

-32,000

Mattes (1974)

Neds Beach

as above

large mollusc

>39,500

Mattes (1974)

Neds Beach

raised shore platform
(+3.5 m M S L ) E of
beach

coral

27,100±450

Kaplin (1981)

Neds Beach

as above

coral sand and shell
fragments

30,5001600

Kaplin (1981)

palaeosol on swale
deposit, +2.5m M S L ,
base of cliff at S E end
of beach

terrestrial gastropod
{Placostylus
bivaricosus)

20,7001700

Squires (1963)

calcarenite

20,6001200

Kaplin (1981)

Middle Beach

west coast
cliffed shoreline
(Signal Point?) outcrop, sample from
+2m M S L

single formation (Neds Beach Formation), with the beach beds in the base of the
aeolianite cliff at Neds Beach the basal unit. H e considered major contrasts in the degree
of alteration in outcrops due predominantly to variable rates of diagenesis rather than
differences in age.

Although Mattes' (1974) interpretation of the emplacement of aeolianite was influenced b
l4

C ages of the beach unit at Neds Beach (32 ka, >39.5 ka and >38.2 ka, Table 2.2), he

also relied on numerous thin-section observations and considerable mineralogical data.
However, few measured sections were presented. Although Mattes' model of the
formation of aeolianite on the island was more detailed than conjecture in the earlier
studies, he drew on the work of Teichert (1947) w h o proposed aeolianite formed during
glacial lowstands on the Western Australian coast, rather than studies of the more
geomorphologically similar deposits of Bermuda (Bretz, 1960; Land et al, 1967; Vacher,
1973).

The model of aeolianite evolution proposed by Mattes includes two major phases of dune
accumulation prior to and after the last glacial (Mattes, 1974). Deposition of the beds in
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the base of the beach unit at Neds Beach is considered to have occurred during the Last
Interglacial, while the upper section of the beach unit was correlated with thefirstphase of
dune accumulation. This dune accumulation is considered to have ceased in the Last
Glacial as sea level fell below the level of the surrounding platform, resulting in a period
of soil formation which created an island-wide unconformity on the dunes. During the
post-glacial marine transgression, the soil was covered by a second phase of dune
accumulation (Mattes, 1974). The unconformity was considered to crop out between
Neds Beach and Middle Beach on raised platforms and in cliff outcrop as the "red clay"
bed; at the southern end of Middle Beach in the base of the cliff as the clay-rich, sandy
palaeosol; and at Neds Beach as the pedogenically altered bedding in the top of the beach
unit. The high clay content of the "red clay" bed found at several sites was considered due
to the accumulation of volcanic m u d in low-lying areas. All these palaeosol exposures
were considered to date to approximately 20.7 ka, the 1 4 C age obtained from Placostylus
from the palaeosol at the southern end of Middle Beach (Squires, 1963).

The degree of alteration (cementation and recrystallisation) in the aeolianite was inte
by Mattes (1974) as a product of the elevation of the groundwater table, controlled by the
underlying basalt topography. Where this watertable was raised above present sea-level,
above high-points in the basalt basement, aeolianite was considered to have undergone
intense phreatic diagenesis. Mattes suggested this process explains w h y aeolianite
outcrops he considered parts of the same depositional unit can exhibit both a friable and
heavily-cemented fabric. For example, Mattes considered that the beach unit in the base of
the cliff at Neds Beach is friable since the water table is below the outcrop, while at the
Lagoon jetty and in the base of the cliffs between Neds Beach and Middle Beach the dune
units are heavily-cemented due to lateral groundwater flow through the beds due to a nearsurface basalt or clay aquaclude (Mattes, 1974).

Brief summaries of past studies of the aeolianite were presented in 1974 and 1977 in
special publications of the Australian M u s e u m (Sutherland and Ritchie, 1974, 1977).
These summaries support the notion of Standard (1963), that aeolianite was probably
formed during a glacial period of low sea level. A summary of work undertaken on
Meiolania was also included, with a relatively detailed reconstruction of the turtle based on
comprehensive records of the head, skeleton, tail and carapace. Mattes also reviewed the
past studies of Meiolania on Lord H o w e Island, South America, N e w South Wales,
Queensland and N e w Caledonia and concluded that this distribution was most likely
explained by rafting of Meiolania across large expanses of ocean (Mattes, 1974).
Kaplin visited Lord Howe Island in 1979 as part of a survey of the general
geomorphology and age of islands throughout the southern Pacific Ocean (Kaplin, 1981).
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H e collected samples from what appears to have been the beach bed in the base of the cliff
at Neds Beach (coral and shell) and from aeolianite on the west coast, most likely from
Signal Point. Radiocarbon ages of these samples, 27000 and 31000 yrs B P for the coral
and 21000 yrs B P for the aeolianite, are similar to the results of Squires (1963) and
Mattes (1974, Table 2.3).

The results of detailed radiometric dating and palaeomagnetic analysis of the Lord Howe
Island volcanic series by McDougall et al. were published in the same year (McDougall et
al., 1981). They showed the age of the basalts as 6.9 - 6.4 M a (K/Ar) and found no
evidence of post-eruptive tectonism as suggested by G a m e (1970, discussed in Chapter
1). McDougall et al. also described briefly the aeolianite and state that, as suggested by
Standard (1963), they consider these deposits were formed during glacial low sea levels
in the Pleistocene and possibly late Pliocene.
As part of a major monograph on the extinct horned turtle, Meiolania platyceps, Gaffney
(1983) provided a concise and critical review of several of the past studies of aeolianite on
Lord H o w e Island and a relatively detailed comparison of aeolianite on Lord H o w e Island
with the Bermudan deposits. While acknowledging the difficulties of mapping the
aeolianite as it comprises laterally discontinuous units and appeared to lack consistent
lithologic or biostratigraphic characteristics that would provide discrimination of timeequivalent units, Gaffney (1983) highlighted the lack of any detailed data on the granular
composition, stratigraphy or chronology of the aeolianite (though apparently he was
unaware of the work of Guilcher, 1973; Mattes, 1974 and Kaplin, 1981). Gaffney also
observed that wind directions recorded by the aeolianite were essentially onshore from
both the eastern and western shorelines, but also suggested wind directions could have
been modified by the volcanic mountains and hills (Gaffney, 1983).
Gaffney (1983) made several important comparisons between aeolianite on Lord Howe
Island and Bermuda. Most notably, he described the evidence of dune sedimentation
occurring shortly after deposition of beach deposits at N e d s Beach, similar to
observations m a d e on Bermuda originally by Bretz (1960). Gaffney also suggested
similar sedimentation had occurred at Old Settlement Beach (found to be an incorrect
interpretation in this study, as discussed in Chapter 3). These similarities to Bermuda
suggested to Gaffney that aeolianite on Lord H o w e Island was quite likely deposited
during the Last Interglacial.
Regarding the location oi Meiolania fossils on Lord Howe Island, Gaffney (1983) found
that all were recovered in the island's major outcrop of aeolianite between Malabar Hill in
the north to the base of Transit Hill in the south, the central low hills of the island.
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However, his conclusion that all fossils were recovered from beach deposits, palaeosols
or red soils is not entirely correct as the most complete specimen was recovered from
approximately 1.5 m into the aeolianite at Ocean View Lodge, approximately 18 m above
M S L . Gaffney's work represents the last k n o w n publication on the aeolianite prior to the
presentation of some preliminary stratigraphic and chronologic results from the current
study (Woodroffe et al, 1995).
The TL and U/Th ages of the beach unit at Neds Beach supported a Last Interglacial age
for this unit (Woodroffe et al, 1995). A A R data for Placostylus from a palaeosol east of
Neds Beach (east coast) and protosol at Signal Point (west coast) suggested an age for the
shell that lies within or beyond the period defined by oxygen isotope stage 5. These
results are discussed in more detail below in the stratigraphy and chronology chapters.
Significantly, they suggest a chronology for the east and west coasts beyond the limits of
the 1 4 C method and bring into question the utility of the dating results of previous studies
(Table 2.3).
The history of research on both Bermuda and Lord Howe Island highlights several
aspects of geological research that are germane to the present study. These are firstly, the
necessity of defining accurately the stratigraphic relationships between outcrops;
secondly, obtaining numerical age control using methods appropriate to carbonate
sediments that m a y be of Middle to Late Pleistocene age; and finally, not promoting
geological interpretations based on theoretical preconceptions where stratigraphic or
dating results are lacking or inconclusive. Consideration of the different modes of
aeolianite formation m a y also reduce the potential influence of an inappropiate theory in
the interpretation of depositional environments.

2.7 Conclusion
This chapter has reviewed the climatic and oceanographic controls on carbonate
production, the distinctive Quaternary character and global distribution of aeolianite, the
chronostratigraphies of key aeolianite deposits and provided a critical examination of past
studies of aeolianite on Lord H o w e Island. The key finding and insights presented m a y be
summarised as:
1) Carbonate production on shallow shelves and banks is the ultimate control on the
formation of aeolianite. The bulk of this carbonate is Heterozoan, being produced where
there is low terrigenous sediment input in dominantly temperate (cool-water) and
subtropical carbonate provinces.
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2) The apparent Middle and Late Quaternary age of the bulk of the world's aeolianite and
the distinctly siliciclastic nature of underlying coastal deposits suggest that the trend
towards greater aridity during the Quaternary has been a primary control on the
development of aeolianite coastlines. The cyclical movements of Quaternary sea-level
have also controlled the form and rate of coastal carbonate sedimentation.

3) Two main types of aeolianite are described in the literature, here termed continental
island aeolianites. Continental aeolianites are the more extensive type, forming major
tracts along the coastal margins of extensive carbonate provinces (South Africa, southern
and western Australia, and less voluminous tracts in the Mediterranean). Island aeolianites
form predominantly on carbonate banks or on basaltic islands surrounded by shallow
shelves. Relatively few detailed studies of continental aeolianites have been published.
The most detailed chronostratigraphy is that of the Coorong coastal plain, on which major
phases of carbonate accumulation occurred during interglacial and some interstadial sealevel highstands. However, there is s o m e evidence of rewoking or possibly primary
emplacement of carbonate during glacial periods on the Australian and Mediterranean
coasts. In contrast, the detailed chronostratigraphic studies of island aeolianite on
Bermuda and the Bahamas reveal a close match between dune accretion and sea-level
highstands since the Middle Pleistocene.

4) Past studies of the aeolianite on Lord Howe Island have interpreted the fossil dunes as
products of the reworking of exposed shelf sediments during the Last Glacial sea-level
lowstand or reworking of these sediments with the advance or retreat of the sea during the
Last Glacial. A s shown on Bermuda, detailed mapping of the aeolianite units and
appropriate chronological determinations are required to provide a reliable
chronostratigraphy for the aeolianite.

The controls on aeolianite formation and the distinctive morphologies of the well-studie
aeolianite outcrops identified in this chapter provide useful background for the
interpretations of aeolianite stratigraphy and landforms on Lord H o w e Island that are the
focus of Chapter 3. The review of past studies of aeolianite on Lord H o w e Island in this
chapter is relevant to all subsequent chapters as it shows that a well-defined stratigraphy
(Chapter 3), an assessment of the diagenetic maturity of the aeolianite units (Chapter 4)
and reliable age determinations (Chapters 5 and 6) are necessary for accurate
interpretations of the evolution of the aeolianite (Chapter 7). The insights into carbonate
production provided in this chapter are also considered in the palaeoenvironmental
interpretations of the aeolianite on Lord H o w e Island in Chapter 7.
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Chapter 3: The Stratigraphy of Aeolianite on
Lord H o w e Island

3.1 Introduction
This chapter examines the sedimentary structures evident in outcrops of aeolianite on Lord
H o w e Island, including larger-scale morphostratigraphic features, as means of identifying
depositional facies and distinctive architectural forms. In Chapter 2 several studies were
reviewed that reported h o w thorough examinations of the structural features of aeolianite
outcrops have provided reliable insights into the genesis of the deposits, namely whether
they are products of highstand coastal processes or emplaced as "interior" dune fields
during glacial periods (e.g. Bretz, 1960; Vacher et al, 1995; Land et al, 1984; Carew and
Mylroie, 1995; Kindler and Hearty, 1995; Belperio et al, 1996; Murray-Wallace et al,
1999b). Previous investigations of the aeolianite on Lord H o w e Island have proposed a
relatively simple succession of carbonate sediments in which shallow-marine
sedimentation was followed by the accumulation of aeolian deposits (Squires, 1963;
Standard, 1963). This was suggested to involve two episodes of dune accretion (Mattes,
1974). However, highly variable successions which do not necessarily record a simple
marine - aeolian sequence are exposed in cliffs and shoreline outcrops at several locations.
Variability in the form and number of units exposed is not only evident between locations,
but also appears to exist between sites within a location. This chapter, therefore, focuses
on the examination of the facies architecture of and stratigraphic relationships between
units exposed in several outcrops around the island.

Identifying the depositional facies, number and succession of discrete units of carbonate
grainstone and fossil soils preserved in the aeolianite on Lord H o w e Island can provide a
unique record of the Quaternary environmental history of the Southwest Pacific region. A n
accurate stratigraphic framework for the aeolianite (defined as coastal carbonate of
predominantly dune origin with subordinate beach and palaeosol units - section 2.1) is also
necessary for testing the geochronological data presented in Chapters 5 and 6.
Recognition of distinctive higher-order sedimentary structures, such as bedding forms,
assemblages of beds and morphostratigraphic forms, is generally considered a powerful
tool for identifying facies types and depositional environments within aeolianite (McKee,
1983). This stratigraphic method is appropriate to Lord H o w e Island as there appears to be
an absence of units with distinguishing lithologic or biostratigraphic characteristics, as
indicated by the sedimentological similarity of the contemporary dune and beach deposits
(Mattes, 1974). However, good exposures of the internal architecture of the aeolianite
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occur in coastal cliffs and bluffs, in shore platforms cut into the aeolianite, and in gullies
within the aeolianite.

In the following section of this chapter there are short definitions of the basic strati
terms adopted. Following the definitions is a review of past studies of landforms and
bedding structures typical of modern or late Holocene beach and dune deposits and
Quaternary aeolianites. The review sets the context for the subsequent descriptions and
interpretations of similar deposits and exposures on Lord H o w e Island. A short
description is provided also of the stratigraphic mapping techniques employed and the
theoretical framework adopted in this study. Morphostratigraphic interpretations of several
outcrops on Lord H o w e Island are then presented to provide larger-scale evidence of past
depositional environments and help shed light on the evolution of these landforms. The
large-scale interpretations are followed by detailed descriptions of the stratigraphy of
bedding exposures examined at the major outcrops on the island. Based on these
observations, a stratigraphic framework for each major outcrop is defined and
hthostratigraphic and allostratigraphic units are proposed. W h e r e several outcrops are in
close proximity, general stratigraphic correlations for these areas are examined. The
chapter concludes with a s u m m a r y of the major stratigraphic findings and the
geomorphological and palaeoenvironmental insights they provide.

3.2 Stratigraphic terminology
The stratigraphic terminology adopted in this study is that of the North American
Stratigraphic C o d e published by the North American Commission on Stratigraphic
Nomenclature ( N A C S N , 1983) and the Field Geologist's Guide to Lithostratigraphic
Nomenclature in Australia (Staines, 1985). Descriptions of aeolianite bedding structures
follow the terminology of Tucker and Wright (1990), Pye and Tsoar (1990), Collinson
and T h o m p s o n (1989), Davis (1985), Allen (1982a, b) and Reineck and Singh (1980).
Summaries of both the stratigraphic nomenclature and basic structural terms as they relate
to this study are presented in Table 3.1.

3.3 Sedimentary structures in beach and aeolian dune deposits
Previous studies of the aeolianite on Lord H o w e Island have identified a range of
depositional environments including shallow marine, aeolian and palaeosol. A large range
of bedding forms m a y develop in the beach environment, both within a beach system and
between systems experiencing different marine conditions. Likewise, aeolian dune forms
m a y vary depending on the prevailing conditions in the littoral and marine environments.
This section examines literature on structural sedimentary characteristics of dune and
beach deposits in, or likely to be found in, modern coastal and beach environments.
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Table 3.1: Definitions of the basic stratigraphic terms used in this study
Term Definition
Lithostratigraphic

unit 1.2

Sedimentary body distinguished and delimited on the basis of
lithic characteristics and stratigraphic position

Group

A sequence of two or more contiguous formations with
significant unifying lithological features in c o m m o n

Formation

The primary lithostratigraphic unit consisting of a body of rock
strata with a characteristic lithology

Member

A named entity within a formation which is lithologically
distinct from adjacent parts of the formation

Bed

The smallest formal lithostratigraphic unit, consisting of
lithologically distinctive layers a centimetre to a few metres in
thickness, considered as marker beds (i.e. those particularly useful
for stratigraphic purposes)

Allostratigraphic

unit1

A mappable stratiform body of sedimentary rock defined and
identified on the basis of its bounding discontinuities

Alloformation

The fundamental unit in allostratigraphic classification, m a y be
divided into allomembers.

Allomember

Allostratigraphic unit next in rank below an alloformation

Structural T e r m s 3

Bed

Sedimentary layer with uniform composition, texture and internal
structure within planar bounding surfaces

composed of:
Lamina

Sediment layer < 1 c m thick

Stratum

Sediment layer > 1 c m thick

Bed set
Coset

Group of beds representing a continuous period of sedimentation
T w o or more bed sets in vertical sequence with similar
composition and structure

True dip

Dip of the bounding planes of a bed or coset, usually flat or low
angle, normally < 5°
Dip of structural planes within a bed
3 - 18°
19 - 25°
2 6 - 35°

Bed dip

Apparent dip
gentle (low-angle)
moderate
steep (high-angle)
Bedding types
backset bed
topsetbed
brinksetbed
foresetbed

low angle ripple laminations on the eroding (stoss) side of dune
form
low angle ripple laminations in dune crest
ripple strata in upper leeward section of dune
the inclined or cross-laminae or strata produced by grain fall and
grain flow d o w n the steep (lee) side of a dune
low angle ripple strata in front of foreset beds

toesetbed
Bed Internal Characteristics
strata or laminae with an apparent dip
cross-sets/crossbedding
parallel, wavy, curved stratified, rolling or sinuous strata or laminae
strata or laminae unbroken over several - tens of metres
continuous
troughed
highly curved, concave up strata
1
North American Stratigraphic Code ( N A C S N , 1983)
2
Staines (1985)
>Pye and Tsoar (1990), Collinson and Thompson (1989), Allen (1982a, b)
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Past studies of bedding structures in Late Quaternary coastal deposits are also examined as
they provide criteria useful for the identification of these depositional forms. These
findings are applied to the stratigraphic interpretations of both previously and newly
described outcrops on Lord H o w e Island.

3.3.1 Modern and Quaternary beach structures
Tucker and Wright (1990, pp. 101 - 112) have reviewed past studies of the distinctive bed
forms and sequences of various bed types observed across certain beach profiles and the
development of a range of depositional facies. They also provide a useful review of the
bedforms produced by storms - often preserved in the shoreface and offshore zones
(Tucker and Wright, 1990). S o m e of the most detailed and significant work on beach
bedding forms has been undertaken on the west coast of the United States.
High-energy, sandy beach systems on the southern Oregon coast were studied by Clifton
et al. (1971) and Hunter et al, (1979) w h o found a distinct zonation of bedforms across
the beach profile. These studies correlated the zonation of structural forms across the
profiles with discrete units containing similar structures in vertical successions of raised
Pleistocene beach deposits. The spatial zonation of bedding forms observed across the
m o d e m beach shoreface and offshore zone were matched with units in the raised beach
deposits (Clifton et al., 1971; Hunter et al, 1979), providing clear analogues for the
Pleistocene units.

Several investigations of the sedimentary structures in modern and ancient siliciclasti
beach deposits in intermediate and high wave-energy environments of North America and
Europe have been reviewed by Elliott (Elliott, 1986). Similar sedimentary structures and
facies in w a r m water carbonate beach and nearshore settings have been examined by
Halley et al. (1983) and Inden and Moore (1983), both providing useful colour plates of
modern and Pleistocene beach structures. O n the Coorong coastal plain in South Australia,
drain cuttings through well-preserved, emergent Last Interglacial temperate carbonate
barriers have provided excellent exposures of beach bedding (Sprigg, 1952; Belperio et
al, 1996; Murray Wallace et al, 1999).
3.3.2 The zonation of sedimentary structures in beach environments
The zonation of sedimentary structures across the entire beach profile on non-barred
beaches has been examined by Clifton et al. (1971) and Howard and Reineck (1981).
Hunter et al. (1979) identified different structural zonation on beaches with barred
nearshore systems on the southern Oregon coast. These sedimentary environments and
distinctive assemblages of structures have been reviewed by Allen (1982a), Niedoroda et
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al. (1985) and in greater detail by Inden and More (1983) and Elliott (1986) (Fig. 3.1) and
may be summarised as:
Offshore zone: Sedimentary deposits below the fairweather wave base (FWB) are
characteristically fine-grained, massive deposits, with asymmetric ripples forming a
veneer of laminae. Ripples are produced by the oscillatory currents of waves. H u m m o c k y
cross stratification ( H C S ) interbedded with parallel laminae is a result of storm-generated
currents above the storm wave base ( S W B ) .
Shoreface zone: This zone extends from FWB up to mean low water (MLW). Sand in this
zone is coarser-grained than the offshore zone. In the lower shoreface zone, or transition
zone shoaling waves form laminae and landward migratingripples,megaripples and
lunate dunes with landward-dipping tabular or trough cross-laminae and cross-bedding,
often covering flat laminae produced by storm waves. In the breaker zone of the upper
shoreface, seaward-dipping planar beds are produced by the surf and breaker bores. A
laminated gravel lag often develops in the upper shoreface at the limit of surf-bore
transportation, marking the boundary between the shoreface and foreshore zones.
Foreshore: Above MLW sedimentation is dominated by swash which forms parallel
laminae of medium to coarse sand which are horizontal or have a slight seaward dip (Fig.
3.1; Elliott, 1986).

Few bedding structures produced by shoaling waves in the shoreface zone are preserved
in sequences dominated by storm waves (van der Valk, 1992). Sediments in the upper
section of the shoreface zone can be reworked to a depth of several decimetres with each
major storm. However, the depth and frequency of reworking decreases d o w n the beach
profile, with little storm-wave reworking evident below the lower shoreface in the western
Netherlands (van der Valk, 1992). Storm waves in the upper offshore and shoreface zone
generate H C S and swaley cross stratification (SCS), with S C S thought to occur in
shallower water than H C S . These erosive-based bedding structures have distinct
morphologies: H C S is usually composed offinesand laminae which undulate in a series
of broad anticlines and synclines (dip <15°). Laminae usually form a series of mutually
erosive sets and m a y grade upwards into S C S . S C S usually forms a more continuous
depositional unit with sequences several metres thick, characterised by sets of sub-parallel
undulating laminae between swaley erosion surfaces. Structures within storm bedding
may indicate both unidirectional currents and variations in flow directions (Tucker and
Wright, 1990).
Barred, high to moderate-energy beaches also form a regular though more complex
general zonation of sedimentary structures across the beach (Elliott, 1986; Allen, 1982b;
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sedimentary structures across a non-barred, high energy beach (after Elliott, 198
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Hunter et al., 1979; Wright and Short, 1985). They differ from unbarred, shoaling-wave
sequences in the development of shore-parallel bars and longshore and rip channels.
Reforming waves cause facies belts to be repeated laterally and longshore, andripcurrents
dissect bars. These currents deposit erosively-based cross-bedded units, longshore
currents creating beds which dip parallel to the shoreline and rip currents depositing beds
which dip shore-normal. Currents, and thus bedding, m a y also be orientated obliquely to
the shoreline. The development of these distinctly dissipative beach profiles has been
shown to be a function of relatively high wave energy and low offshore gradient (Wright
etal., 1979; Wright and Short, 1985). Table 3.2 summarises the structural characteristics
of the different bedding forms which develop across both open and barred, high-energy
beaches, and the bedforms produced by storm waves and storm-generated currents on
these beaches.
Several shallow carbonate bank margins in the Bahamas have large accumulations of sand
which form sand belts in which distinctive sand waves develop (Table 3.2; Hine, 1977).
These deposits are typically found in storm-prone leeward settings, such as lagoon or
bank margins with high levels of sand supply (Halley et al, 1983; Hine, 1977).
Distinctive assemblages of bedforms are also found on beaches in moderate and low
wave-energy environments and these are also summarised in Table 3.2. O n beaches which
experience low wave energy, sandy laminated bedforms dominate, while on beaches
where tidal currents are more effective than waves in moving sediment, m u d layers are
deposited between beds of laminated sand (Allen, 1982b; Howard and Reineck, 1981).
Sandy lagoon barriers may also form in low to moderate wave-energy environments
where there is abundant sediment supplied to the beach. O n these barrier beaches there is a
contrast in the zonation of sediment across the beach profile between transgressive and
prograding settings (Thorn et al, 1978; Kraft and Chrzastowski, 1985). O n the
transgressive beach, afine-grainedlagoonal facies will be exposed in the foreshore to
shoreface zone, while on a prograding barrier the upper shoreface will exhibit laminated
medium sand which fines d o w n the profile and m a y include clay bands in the lower
shoreface (Table 3.2). The distribution of these deposits along a wave-dominated coast
has been shown to be controlled by geological inheritance - lagoonal barriers have formed
on relatively low gradient alluvial basins, former coastal plains and floodplains which
have been inundated during the Holocene, along the southeastern Australian coast (Roy et
al, 1995).

Beaches in atoll lagoons have also been found to posses distinct sedimentary structures
(McKee etal, 1959). Typically, the backshore zone consists of coarse sand deposited in
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Table 3.2: Bedding forms evident in a range of sandy beach environments.
Environment
of deposition

Depositional
zone

Bedding form

High - Moderate w a v e energy environments
Beach - non barred *• c> «• "••w- y forms produced by
shoaling waves
below F W B
offshore
sequence of flat laminae,
transition
bioturbated sand
tabular or trough cross
between fair
shoreface:
lower
weather wave
bedded/laminated,
base and
parallel/wave ripple
breaker zone
lamination
upper

breaker zone

foreshore

surf zone to
limit of swash

Barred Beaches (longshore and
rip-current channels)'1'"
mid-lower
rip channels
shoreface
andripchannel
mouth bars
alongshore
upper shoreface
bars

oblique bar

Storm
Dominated
Beaches c,d-e
offshore

lower shoreface

fairweather
wave base storm wave
base

up to storm
wave breaker
zone

cross bedding (tabular
planar and troughed)
grading into thin planar
beds. Gravel lags in upper
section
parallel laminations
(upward coarsening
couplets, 1-2 c m thick)
forming beds which pinch
out and form cut and fill
structures.

forms produced b y
shoreface currents
erosively based bed with
steeply dipping cross
bedding
parallel laminations

erosively based cross
bedded unit

forms produced b y
storm w a v e s and
currents
h u m m o c k y cross
stratification (HCS):
curved low angle cross
laminae, often interbedded
with flat beds of fine
sediment
H C S and swaley cross
stratification (SCS):
stacked swales composed
of flat laminae. e

B e d dip
direction

Bed
thickness1

Water
depth

flat

4-9m

landward

up to
several m
l-2m

seaward

l-2m

up to
fairweather
surf zone

low seaward dip
or horizontal,
low landward
dip where berms
have developed
(washover
sediments)

2-6m

MLW

seaward dipping
units

0.5 - 1.5m
(approx.)

seaward dipping

0.2 - 1.5m
(approx.)

shore
parallel/oblique
directed dips

0.2 - 1.5m
(approx.)

surf zoneoffshore
transition
zone ~ 4 m

variable

up to 2 m

fairweather
wave base
- storm
wave base
(>10m)

SCS: flat beds.

several
metres

below
fairweather
wave base
(>3m)

2-4m

swash
limit

continued

surf zone
down to
>4m
surf zone

over
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Table 3.2 continued
Environment
of deposition

depositional
zone

Carbonate Ramps
and Shelves f-d-h
sand shoals,
shallow water
may form
biogenic skeletal
or ooidal sand
sand belts 14 k m wide,
25- 70 k m
long.

bed
thickness1

water
depth

1 -7m

4-8m

flat

3 m

down to
MLW

flat

1 - 1.5 m

2m

flat

3 m

3m

seaward and
landward

10s of cm
to several
m

subtidal
depths in
channels

medium-fine barrier sand
with back barrier m u d d y
lenses
lagoonal facies of shellrich silty clay
underlying coarse marine
sand

7m

d o w n to
MLW

8m

lagoon

laminated m e d i u m sand

3.5 m

intertidal

medium-fine sand with
clay bands
shell-rich silt and clay

5.5 m

M L W to
-7 m

2.5 m

-7.5 -

bedding form

forms produce by shoaling waves &
tidal currents
dips often
sand waves: tabular planar
landward but
cross-sets (avalanche face
bedding is
dip 3 2 -35°) - erosional
surfaces formed by storms. variable, both
tidal and wave
deposition

Moderate - low w a v e energy environments
parallel-laminated sand
low energy wave
foreshore
dominated
beaches ?
upper
parallel-laminated sand
over w a v e ripple
shoreface
lamination
lower
parallel laminated and
bioturbated sand
shoreface
tidally-dominated intertidal zone
beach*

lagoonal barrier
(transgressive)*

upper zone

middle of
sequence
base of
sequence
lagoonal barrier
(prograding)v

upper
shoreface beach
shoreface
lower
shoreface

atoll lagoon
beaches0

backshore
shoreface

bars

1

bed dip
direction

cross-laminated sand
separated by m u d layers

below
MLW

10 m
low-angle cross laminated
(0 - 4°) coarse sand
low-angle cross laminated
(4-11 ) coarse to m e d i u m
sand
gravelly sand: low-angle
cross-strata (2 - 10°) topped
by very low-angle beds

landward
dipping
dip towards
lagoon

>0.3 m

supratidal

>0.3 m

intertidal

dip leeward of
waves or
currents (topsets
have reverse dip)

>0.3 m

intertidal
- subtidal

prograding sequences may produce thicker units
Clifton et al, 1971; b Hunter et al, 1979; c Elliott, 1986; d Tucker and Wright, 1990; e Aigner, 1985;
f
Hine, 1977; 8 Collinson and Thompson, 1989; h Halley et al, 1983;' Reineck and Singh, 1980;u
McKee et al, 1959;v Kraft and Chrzastowski, 1985; w Allen, 1982b; x Allen, 1982a; y Howard and
Reineck, 1981.
8
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low-angle laminae, while the shoreface zone has coarse to m e d i u m sand deposited in
moderate-angle cross-laminae. Bars which form in the lagoon or adjacent to the beach also
comprise distinctive low-angle cross-strata (Table 3.2; M c K e e et al, 1959).

The three-dimensional forms observed in several beach systems are summarised in Table
3.2. The thickness of bedding sequences and depth of water at which these forms develop
will vary between sites depending on sea-level history, the antecedent topography, swell
and storm regimes, and the character and volume of sediment available to the beach
system. Values given in Table 3.2 are a guide to likely thicknesses and depths based on
the results of these studies. Although numerous detailed studies have been m a d e of
intertidal bedforms (reviewed in Allen, 1982b), studies of the highly energetic
environments are limited apparently due to the difficulty of working within the surf zone
(as mentioned in Clifton et al, 1971) - only relatively thin box sections and vibracores
have been recovered (e.g. Clifton et al, 1971; Hunter et al, 1979; Howard and Reineck,
1981).

Siliciclastic, skeletal carbonate and ooidal beaches exhibit similar bedforms (Tucker an
Wright, 1990). Therefore, data in Table 3.2 m a y provide useful analogues of bedforms
typical of subtidal, intertidal and supratidal environments from a range of energy regimes
that m a y be preserved in Quaternary carbonate sediments on Lord H o w e Island.
Assemblages of sedimentary structures that are preserved in prograding beach deposits
from high to low-energy settings are presented in Figure 3.2. These sequences indicate the
types of shallow marine bed sets and cosets that m a y be revealed in outcrops. Beach
sediments preserved in Last Interglacial carbonate barrier complexes of the Woakwine
Range on the Coorong coastal plain in South Australia, provide valuable information on
bedform zonation across a fossil carbonate beach. These deposits were interpreted to
record both high-energy subtidal and littoral environments (Sprigg, 1952; Belperio et al,
1996; Murray-Wallace et al, 1999b). A s the full barrier succession is exposed in drainage
cuttings through thisridge(subtidal and littoral high-energy beach, foredune, barrier dune
and back-barrier lagoon facies in a continuous lateral sequence along a 1 k m exposure)
facies interpretations are based on the zonation of bedforms across a preserved ancient
beach profile rather than the correlation of disjunct exposures for lithofacies
reconstruction.
Subtidal deposits in the Last Interglacial barrier complex are composed of moderately
well-sorted bioclastic sand, with occasional pebbles of calcarenite and flint and shelly
layers, arranged into parallel laminae with a consistent seaward dip. These laminae form
beds at least 1 m thick. The littoral facies consists of bi-directional trough cross-bedded
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Figure 3.2: Assemblages of bedding structures observed in prograding beach deposits from
locations experiencing wave regimes of high or low energy (after Elliott, 1986; McKee et al,
1959).
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and tabular cross-bedded medium to coarse-grained, well-sorted bioclastic sand. In the
upper shoreface a gravel lag has been deposited where cross-beds merge into parallellaminated foreshore beds. The cross-bedded facies is from 1 to 3 m thick (Belperio et al,
1996; Murray-Wallace et al, 1999b). The assemblage of bedding forms recorded in this
cutting agree well with the observations of modern high-energy beach bedforms (Table
3.2; Fig. 3.2).

3.3.3 Coastal dune morphologies and bedding structures
Reviews of coastal dunes per se (Goldsmith, 1985) and ancient carbonate dunes
specifically (Gardner, 1983) reveal that most coastal dunes adopt a parabolic, transverse
or oblique morphology. M c K e e and W a r d (1983) report most modern large carbonate
dunes produce shore parallel ridges composed of transverse, parabolic and blow out
dunes. Transverse dunes form under unidirectional winds (Wasson and Hyde, 1983) on
coasts where sediment supply to the shoreline is constant, while coalescing parabolic
dunes, also the product of unidirectional winds, develop where dunes are stabilised by
vegetation and sediment supply decreases (McKee and Ward, 1983). Barchan dune fields
have been reported from arid coasts, lacking any stabilising vegetation, which experience
unidirectional winds (Goldsmith, 1985).

Ramp and cliff-top dunes develop in front of and over cliffs and hills, and have been
described from various sites in Australia (Jennings, 1967), along the southern Australian
coast (Short et al., 1986), the coast near Auckland, N e w Zealand (Brothers, 1954), and
on the coast of northwestern Ireland (Carter and Wilson, 1993).

McKee and Ward (1983) indicated that littoral carbonate sand derived from a nearby bea
source is generally petrologically identical to the beach sand, and grain texture differs little
between beaches and dunes (especially between dunes and upper shoreface and foreshore
deposits), except that fines are usually winnowed out of nearshore dunes. A previous
study of modern sediments on Lord H o w e Island also found similar textures and
lithologies in beach and dune sands (Mattes, 1974).

Bedding structure offers the most useful diagnostic tool for differentiating between b
and dune deposits in the absence of any gravel component ( M c K e e and Ward, 1983).
M c K e e (1979) has provided several examples of the internal bedding structure of a variety
of mostly desert dune forms. Table 3.3 lists the internal structures typical of bedding
found in several types of dunes. However, as noted by Collinson and Thompson (1989)
when referring to the limited nature of data on different dune forms (the relatively shallow
bedding exposures examined compared to the size of most dunes and dune complexes),
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"It is naive to expect that the organisation of each of these dunes is unique to, or even
representative of, each dune type" (Collinson and T h o m p s o n , 1989, p. 92).
Notwithstanding this point, it was shown by M c K e e (1979) that the internal structures of
parabolic dunes in N e w Mexico and W y o m i n g were very similar to coastal parabolic
dunes in Brazil (Bigarella et al, 1969; Bigarella 1979). The findings of past studies (Table
3.3) m a y therefore provide useful analogues for the interpretation of fossil outcrops.
The facies model of Brookfield (1992) describes the bedforms preserved in large-scale
aeolian systems, which are useful infieldinterpretations of large-scale cliffed exposures.
This model shows bedforms in coalescing, climbing transverse dune systems over a scale
of several kilometres, in which large cross-bedded foreset units form tabular climbing sets
when viewed in longitudinal section, and major disconformities in the form of shallow
troughs in transverse section.
Aeolian dune bedding structures
Cross-beds typically found in outcrops of ancient dunes are generally far larger than most
dune bedding that has been examined in modern environments due to the difficulties in
trenching unconsolidated sand (Table 3.3). Aeolianite and ancient siliciclastic dunes
comprise cross-beds, usually 10 - 35 m thick, composed of thick tabular and often
troughed beds, remnants of the lower sections of large dunes (Brookfield, 1992;
Collinson and T h o m p s o n , 1989; M c K e e and W a r d , 1983; and Gardner, 1983).
Preservation of dune bedding has also been related to the position of the groundwater table
- those sections of dunes below the water-table are less prone to erosion, especially
uncemented deposits (Brookfield, 1992).

Although detailed studies of modern coastal dunes have focused on siliciclastic deposits
(reviewed in Goldsmith, 1985), carbonate deposits are likely to exhibit similar structures.
Drawing on similarities with modern dunes, numerous Quaternary calcarenites have been
interpreted as aeolian deposits based on the following morphological and sedimentary
characteristics ( M c K e e and Ward, 1983):
1) large shore-parallel sand bodies, composed offineto medium-grained sand lacking any
gravel-sized fragments;
2) large-scale cross-stratification comprising couplets of relativelyfineand coarse-grained
laminae;
3) early stage vadose cements (meniscus, pendulous and needle fibre cements);
4) trace fossils indicative of dune vegetation (rhizoliths and root hair sheaths) and the
presence of fossil land snails and other terrestrial fauna.
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Table 3.3: Coastal dune morphologies
Typical
D u n e form

and their internal structures

Depositional
setting

Transverse dunes (unidirectional
windward
or bimodal wind): ridges normal
to the wind direction, often shoreparallel or oblique7.
10 - 300 m high, 100s of metres
wide, laterally up to several
leeward
kilometres 1'2-3-6- 7-8

Parabolic dunes (unidirectional
wind): U or V shaped in plan
view, a lobate sand body, crest
line curves concave upwind.
Highly variable in size, <10 200m high, 10s - 100s m long,
several hundred metres across.
Often partly stabilised by
vegetation. M a y coalesce to form
transverse ridges1>2,3,7.

Bed morphology and internal
structure

coset
thickness

horizontal or low-angle (<15°), strata 1
- 10 c m thick, non-erosional contacts,
less porous than leeward strata.

1 -2 m

large cross-bedded foresets (to 12m in
length) parallel to wind direction, dip
25-35°. Normal to the wind direction
laminae are laterally extensive (100s m )
and relatively flat.
Troughed bedding c o m m o n , forming a
festoon pattern.
Strata 2 - 5 c m thick, concave up,
erosional bases, inverse grading,
internally structureless, up to 4 5 %
porosity .

1 - 20 m ,
often >3 m

depositional
face (dune
nose)

steep downwind dipping (25 -35°)
foreset crossbeds, concave downwind in
lower section, lower angled beds in
upper section; tabular planar and wedge
planar beds, some troughed beds
reported. Ripple-marked strata on dune
nose, 1 - 15 c m thick

2 - 10s m

dune crest

horizontal or low angled planar beds 1 - 2 m

trailing arms

cross bedding dips 20 - 25 normal to
dominant wind direction.

2 - 10s m

topsets and foresets of mobile dunes
composed of the same continuous set
of strata: convex upward cross beds,
higher dip angle at base (up to 39°),
sinuous sand layers in lower parts.
Upper sections of vegetated ridges have
low to moderate-angle planar strata.

2 - 10s m

Retention ridges: long ridges on ridge
landward margin of backshore
beach deposits. Mobilised sand
accumulates against vegetation1
or is rapidly vegetated7, humid
environments, contain blowout
features.1,7
Blowouts: circular crater shaped
deflations in sand body, humid
coastal settings, m a y form
migrating parabolic dunes.1

crater ridges

probably scour andfillstructures

several m

Domes: miniature foredunes
seaward of retention ridges.1,4

entire dome

Sets of superimposed curving strata,
horizontal and upwind dips. Bounding
surfaces and laminae are convex
upwards

1 m

Interdune Areas 1,s or Swales

between dune
ridges, may
form a
swampy
environment.

Often structureless sand enriched with
brown pedogenic humic compounds.
Preserved bedding low-angled crossstrata (<20°). Thin cross-bedding in
upper section may represent adjacent
dune migration

I -3 m

]

McKee, 1979; 2McKee and Ward; 1983; 3Gardner, 1983; 4Bigarella, 1972; 5Bigarella et al, 1969;
Brookfield, 1992; 7Goldsmith, 1985;8 Collinson and Thompson, 1989.
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M c K e e and W a r d (1983) have also listed the major structural characteristics of bedding
indicative of an aeolian depositional environment evident in several Late Pleistocene
carbonate deposits. These characteristics generally match those found in the Holocene
aeolianites of the Bahamas (White, 1989; Kindler, 1995) and Yucatan (Ward, 1973) and
the internal structures described in several studies of recent siliciclastic dunes (Koster et
al, 1993). Foreset beds are usually greater than 6 m thick, with laminae up to 13 m in
length and dip angles generally around 30°. Dip angles up to 47° have been reported in
Holocene siliciclastic deposits (Koster, et al, 1993) and it is likely carbonate dunes in
similar moist environments m a y also contain foreset beds which exceed the angle of
repose of dry dune sand (35°). A significant feature of foresets is the orientation of the
bedding, with the dip azimuth of the cross-beds clearly a function of the direction of the
effective wind (Table 3.3; Fig. 3.3).

Laminae in the foreset beds comprise grainfall and sandflow deposits. In the basal secti
of the foreset beds these laminae are tangential to the underlying windripplelaminae and
bedding surface (Hunter, 1977; Crabaugh and Kocurek, 1993; Fig. 3.3). Crossstratification is often tabular, wedge planar or troughed, forming a festoon pattern in
cliffed outcrops (Fig. 3.3). Ripple marks preserved on foreset beds or laminae are parallel
to the dip of the bed.

Coastal dunes often have convex upward foreset structures, which is especially distinct
of a parabolic morphology in vegetated settings. Contorted bedding is also c o m m o n in
coastal dunes and has been used to differentiate degrees of cohesion in dry, wet, saturated
and crusted sand. These small-scale deformation structures are c o m m o n in steeply dipping
cross-bedded foresets. In dry sand, drag folds and warps or gentle folds develop while in
wet sand, where cohesion is higher, massive slumps, break-aparts and breccias, rotated
plates and blocks and high-angle asymmetric folds are the principal deformation structures
(Koster etal, 1993; Collinson and Thompson, 1989; M c K e e and Ward, 1983; M c K e e ,
1979).
Foreset beds are often capped by low-angle topset beds (windward bedding, often with
dip azimuths indicating the upwind direction) which form the upper bounding surface of
the bed-set (Gardner, 1983; Koster et al, 1993; Kindler, 1995; Fig. 3.3). Exposures of
modern and ancient dunes usually contain three scales of bounding surfaces (Crabaugh
and Kocurek, 1993; Brookfield, 1992; Collinson and Thompson, 1989). These surfaces
represent disconformities between beds, bed-sets and cosets.

wind direction
windward face
(stoss face)

crest
(brink)
trough cross-bed set

top sets
(mainly climbing
ripple strata)

leeward face
(slip face)

bedding 'rollover'

wedge-planar
cross-bed set

/
low-angle or
horizontal
bottom sets

10m

toesets
(ripple lamination)

tabular-planar
cross-bed set

grainfall^ninae

A

(enlargement)

2° - order of bounding surface

sandflow laminae

Figure 3.3: Bedding structures within an idealised transverse dune as seen in cross-section
(after Pye and Tsoar, 1990).
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The smallest scale third-order bounding surface is a reactivation surface which separates
bundles of foreset or dune crest strata within the same set, and are often convex upwards
in shape. They are thought to record short-term fluctuations in the strength and direction
of mobilising wind (Fig. 3.3).

Second-order bounding surfaces separate bed sets, usually defining the bottom of a set of
cross-beds. The discontinuities reflect a pause in dune migration and m a y have been
colonised by plants or record modification of the slip face by variable winds. The beds are
low to moderate-angle (dips up or d o w n of <20°), m a y contain thin horizontal beds and
record the migration of one dune over another (Fig. 3.3).
First-order bounding surfaces are horizontal or very low-angle or troughed
disconformities between cosets of cross-beds. They are laterally extensive and m a y also
be associated with horizontal laminae. First-order surfaces represent erosional breaks or
the migrating face of the dune complex, composed of a number of cosets, which has
ridden over swale deposits or represents the boundaries of a climbing dune structure.
Caputo (1995) has proposed different classification terms, each order corresponding with
a different m o d e of grain deposition and stage in the accretion of a dune. Under the
classification system of Caputo (1995) the smallest scale structures (equivalent to thirdorder bounding surfaces) are subdivided into three structural elements. First-order
structures are foreset grainfall and sandflow stratum; second-order structures are topset
wind-ripple, cross-laminated stratum; and third-order structures are cosets of the windripple stratum which are separated by erosional breaks. Bounding surfaces that separate
cross-bed sets (second-order bounding surfaces) are equivalent to the fourth-order crossbed intrasets of Caputo (1995). Horizontal or low-angle disconformities between cosets of
cross-beds (first-order bounding surfaces) delineate the assemblage of beds Caputo
(1995) classifies as fifth-order cross-bed sets, which represent a complete dune,
comprising a sequence of structures d o w n the palaeocurrent direction: backset and topset
strata grade into convex upwards brinkset and foreset strata and finally toeset strata,
representing the stoss, crest, brink, slipface and toe positions of a parabolic or sinuous
dune ridge (Fig. 3.3).
Where breaks in dune accretion occur for a significant period of time, soil may develop.
the soil is preserved rather than eroded by dune reactivation, with subsequent dune
deposition it will become preserved as a palaeosol, representing a first-order bounding
surface. Palaeosols have been described in numerous Quaternary aeolianite exposures
(e.g. Western Australia: Fairbridge and Teichert, 1953; Playford, 1988. South Australia:
Sprigg, 1952; Belperio et al, 1996. Bermuda: Land et al, 1967; Bricker and Mackenzie,
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1970; H a r m o n et al, 1983; Hearty and Vacher, 1992; Vacher et al, 1995; Herwitz and
M u h s , 1995. The Bahamas: Garret and Gould, 1984; Carew and Mylorie, 1987; Hearty
and Kindler, 1993; Boardman et al, 1995. The eastern Mediterranean: Bruckner, 1986.
Israel: Porat and Wintle, 1995. Lord H o w e Island: Etheridge, 1889; Squires, 1963;
Mattes, 1974; Woodroffe et al, 1995). Palaeosol development is discussed in more detail
in a section below.

Probably the most extensive exposures of well-studied bedding in Late Pleistocene dunes
are those of the Coorong coastal plain in the southeast of South Australia (Sprigg, 1952;
Belperio et al, 1996; Murray-Wallace et al, 1999b). Here, drain cuttings through well
preserved, raised shoreline aeolianite barriers reveal a dune facies up to 30 m thick in
exposures up to 1 k m across the dunal structures. Bedding within the barriers record up to
three phases of dune construction, each phase represented by large sets of landward
dipping cross-beds up to 10 m thick. This bedding is very similar to structures examined
in large-scale trenches cut in modern transverse desert dunes ( M c K e e , 1979). In
southeastern South Australia, reactivation surfaces between sets (first-order bounding
surfaces between cross-bed intrasets) are weakly-cemented and palaeosols appear to be
preserved along the discontinuities (Belperio et al, 1996).
3.3.4 Sedimentary structures: a summary
Beach deposits are often clearly distinguished by the presence of gravel layers, however,
beach and dune deposits m a y lack distinct textural differences. In these situations, unique
bedding structures can provide records of depositional environments. In general terms,
beach deposits are characterised by relatively thin (<1 m ) foreset beds and laterally
extensive, thicker, low-angle laminated beds reflecting shoreface and foreshore
environments respectively. In contrast, dune deposits typically exhibit thick (>2 m ) foreset
beds and less c o m m o n , thinner, low-angle topset bedding.
Certain assemblages of beds are often unique to specific beach and dune environments.
Differences in wave energy reaching sandy beaches influence the spatial arrangement and
form of bedding emplaced, ranging from bars and rip channels seaward of foreshore
deposits on high-energy beaches to the gravelly strata across a lagoonal beach. Likewise,
both the position within a dune unit and specific dune forms, the formation of which is
controlled by both marine and terrestrial aspects of coastal environments, exhibit unique
types of bedding. These range from the less commonly preserved low-angle, well-packed
windward strata, with dip azimuths mostly indicating an upwind direction; to high-angle,
lightly-packed leeward strata, with dip azimuths recording the downwind direction; and
from laterally extensive tabular planar, thick foreset beds in transverse dunes to relatively
confined, concave based, often troughed beds in blowout dunes. These bedding
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characteristics provide useful interpretive tools that will be applied to aeolianite exposures
on Lord H o w e Island.

3.4 Stratigraphic methods, Lord Howe Island
A s shown in Bermuda (Vacher et al, 1995) and the Bahamas (Mylroie and Carew, 1995),
mapping Quaternary aeolianite requires detailedfieldstudy to determine the stratigraphic
position of individual outcrops. In order to determine stratigraphic relationships in the
aeolianite on Lord H o w e Island, therefore, the following techniques were employed: 1)
mapping the extent of outcrop of each unit visible in cliffed exposures, 2) surveying of
exposures to reveal the thickness and elevation of beds, 3) measurements of bed dip angles
and dip azimuths to identify palaeocurrent directions and help correlate outcrop and, 4)
identification of facies types based on sediment character, including colour and bedding
structures to indicate depositional environments and to assist in the correlation of outcrop
both within and between locations.

Exposures were examined at Neds Beach, Middle Beach, The Valley of Shadows,
Blinkenthorpe Beach and The Big Slope on the island's east coast; at North Bay, Old
Settlement Beach, the Lagoon boat ramp, Signal Point and the northern end of Lagoon
Beach on the northern and central western coasts; between the main outcrops on the east
and west coasts in quarries on Middle Beach Road and Anderson Road and in surficial
exposures in Stevens Reserve; and at Cobbys Corner, Lovers Bay and Johnsons Beach on
the southwestern coast (Fig. 3.4). At each location a number of sections were measured.
Abseiling equipment was employed to access cliffed exposures at Neds Beach and North
Bay. The measurement sites are identified on 1:4000 aerial photographs (LIS, 1984) of the
island. Several adjacent locations were grouped into areas for which the separate measured
sections were compared and correlated.

Most sections were surveyed using a Wild electronic theodolite (Wild T3000) and infrare
distance measurer (Wild D3000). Heights were related to Lowest Astronomical Tide
(LAT, m a x i m u m astronomical tidal range is 1.93 m ) by reducing observations to State
Survey Marks around the island which are tied to the zero mark on the island's tidal gauge
(established and maintained by the C S I R O ) at the jetty.
Mapping of bedding along the mostly cliffed outcrops involved surveying profiles from
several sites to provide an accurate thickness and elevation for each bed identified and,
were possible, tracing out lateral exposures of beds and bed discontinuities between sites.
Photographs of the shoreline outcrops were taken to assist the mapping.

Old
Gulch

Searles Point

Middle V-Ujyof
Beach Shadows
he Clear
Place
J Sandy beach
Quarry:
M B Rd: Middle Beach Road
A Rd: Anderson Road
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Blinkenthorpe

i

leach

Contours are in metres. The 10 m and 30 m
contours are approximate, based on survey data
and extrapolation Irom the 20 m and 40 m
contours of the Lord H o w e Island topographic
map (CMA, 1984).
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Figure 3.4: The locations of the main stratigraphic study sites on Lord Howe Island.
Contours indicate the main topographic features of the northern half of the island.
The insert shows the location of an aeolianite outcrop at The Big Slope, on the
southeastern coast at the foot of Mount Gower.
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Bed dip azimuths of predominantly foreset bedding were measured wherever accessible
bedding surfaces were exposed, using a Sunto compass and clinometer. T o smooth out
surface irregularities and therefore ensure a more reproducible dip measurement, a flat bed
(0.5 x 0.2 x 0.005 m laminated board) was employed as required.

Mapping results are presented in cross-section diagrams for each measured section. On
these diagrams, each cross-bed defined by a first-order bounding surface (palaeosol,
distinct protosol or major unconformity), or beds examined in isolated exposure in the
bluff, are marked. For each of the measured sections, depositional facies are indicated on
the cross-sections and the dip azimuth measurements of foreset bedding which appears to
record the downwind direction are displayed as rose diagrams. Annotated photographs of
major sections at each location are also presented.

3.4.1 Stratigraphic classification
For the major outcrops, stratigraphic columns for all sections measured at each location are
grouped into one Figure, and unconformities that were traced out between sites O T
extrapolated between sites (based on the morphology of these structures) are marked.
Furtherfieldobservations and photos were used to draw long-sections of outcrops, which
indicate the extent of exposed bedding and the cross-bed units identified. The successions
observed at the major outcrops are described in generalised stratigraphic columns. The
stratigraphic methods adopted in this thesis are summarised in Figure 3.5.

The nature of aeolianites (often discontinuous units of relatively homogenous sediment th
m a y lack distinctive biostratigraphic markers) presents difficulties in adopting traditional
Uthostratigraphic procedures for examining hierarchies within these sediments. Therefore,
both lithostratigraphic and allostratigraphic classification were adopted ( N A C S N , 1983;
Table 3.3). The application of these systems of classification to aeolianite on Lord H o w e
Island is discussed below. T h e application of both lithostratigraphic and allostratigraphic
systems of classification in coastal successsion has been examined by Walker (1992), w h o
notes that allostratigraphy m a y provide a more effective method of definining the sequence
of geological processes that were involved in the formation of the succession (Fig. 3.6a).

Based on lithologic characteristics and stratigraphic position of bedforms within the
aeolianite, lithostratigraphic units are proposed for the major outcrops. Aeolianite on Lord
H o w e Island is predominantly composed of skeletal carbonate grainstone and has been
considered one lithostratigraphic unit, the Neds Beach Formation. However, in order to
elucidate the island's Quaternary stratigraphy a lithostratigraphic approach which
differentiates units on the basis of more subtle characteristics, observable in thefield,and
integrated into a chronostratigraphic classification, is necessary (Fig. 3.6b).
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Mapping beds and
palaeosols
• tracing out layers
• fades identification
• bedding measurements
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interpretation of spatial
arrangement of bedforms
genetic interpretation of
deposit morphology
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measured sections
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successions at Neds and Middle
Beach
,

Long sections of major outcrops
- define the extent of bed exposures
- identify major cross-beded units
- lithostratigraphic classification
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palaeocurrent data of cross-bedded units
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Figure 3.5: A flow diagram of the stratigraphic methods adopted in this study. Successive
stages in this chapter are shown above the dotted line.
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The volumetrically-significant deposits, dune units which have experienced different
degrees of meteoric alteration, were discerned by their lithologic characteristics as evident
in large exposures in mostly cliffed coastal outcrops, and also in gullies, road cuts and
quarries. Lithostratigraphic formations and m e m b e r s were m a p p e d by tracing out
wherever possible, the bounding palaeosols, protosols and major erosional
unconformities.

A detailed field-based approach is necessary in stratigraphic studies of Quaternary
aeolianites for, as stated by Vacher et al. (1995) in relation to Bermudian aeolianites:
"If it were not for lithologic differences resulting from differences in
cumulative diagenesis, albeit clouded by different intensities of diagenetic
overprints in different diagenetic environments, then there would be no w a y
of dividing the section into lithostratigraphic units..." (Vacher et al, 1995, p.
286).
In Bermuda, diagenetically-induced lithological change is manifest in the fabric of largescale outcrop, forming a gradation which ranges from loosely-cemented Mg-calcite and
aragonite grains of the Southampton Formation to the "ringing-hard" calcitic limestone of
the Walsingham Formation (Vacher et al, 1995).
Although the extent of outcrop on Bermuda is far greater than on Lord Howe Island and,
significandy, on Bermuda there are numerous inland outcrops of older units more removed
from the diagenetically intensifying effects of sea spray (Mclaren, 1995), there are
sufficient outcrops of different generations of aeolianite on Lord H o w e Island to usefully
apply this method of classification.

The conceptual framework within which this form of lithostratigraphic classification sits
has been examined by Vacher et al (1995), w h o note the method's lack of resolution in
differentiating the more diagenetically mature units - once units become heavily cemented
they can no longer be distinguished lithologically in thefield.The need for this field-based
empirical classification, in which the superposition of the formations can be observed in
type sections, has been proven by several decades of stratigraphic investigation on
Bermuda. T h e detailed field-mapping approach is the method by which the stratigraphic
relations of major units could be resolved - earlier stratigraphic interpretations of the island
were based on isolated coastal exposures correlated by interpreted sea-level history but the
stratigraphy proposed could not be reconciled with m a n yfieldrelationships (Vacher et al,
1995).
On Lord Howe Island, differences in granular composition, as it effects the colour of the
aeolianite in large exposures, also was found to differentiate some stratigraphic units.
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b)
Lithostratigraphy: yy. z
Allostratigraphy: A - D
t f S f t S f f f

palaeosol

a) dune barrier - shelf cross section of prograded coastal and nearshore deposits emplaced during a series of
sea-level highstands, with transgressive shoreface deposits emplaced on the shelf during low sea level. The
transgressional unconformities mark the boundaries between successive allostratigraphic units, while
lithostratigraphic units (X: conglomerate; Y: shales; Z: sandstone) range across these discontinuities
(modified from Walker, 1992).
b) coastal aeolianite successions (e.g. Bahamas, Bermuda) in which lithostratigraphic units are
discriminated on the basis of lithologic differences induced by cumulative diagenesis (boundaries often
defined by palaeosols) - a more traditional approach to the lithostratigraphy m a y lead to all the coastal
limestone being classified as one formation. Allostratigraphic units clearly discriminate the discrete phases
of sediment emplacement and, as shown in unit C, m a y usefully define the significant pulses of
sedimentation within major units.

Figure 3.6: Allostratigraphic and lithostratigraphic classification of theoretical coastal
successions.
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Aeolianite colour here refers to the carbonate sediment and cements rather than the grey
rind evident on portions of outcrops that have experienced relatively long periods of
subaerial exposure (similarrindson Late Pleistocene aeolianite of the Tamala Limestone of
Western Australia have been attributed to endolithic cyanophyceae and chlorophyceae by
Kelletat, 1991) and w a s assessed using a Munsell colour chart (Munsell, 1990).
Differences in colour within successions at s o m e sites can be seen to relate to grain
composition, but predominantly appear a product of time-dependent process such as
pedogenesis and diagenesis. Geographic variations in the colour of some units relates to
differences in the proportion of volcanic grains and brown, clay-rich cement, which ranges
from rare (white), a minor constituent (the majority of the island's very pale brown
aeolianite) to major component (yellowish brown).
Allostratigraphic units
Allostratigraphic units are defined as superimposed, discontinuity-bounded deposits of
similar lithology; contiguous discontinuity-bounded deposits of similar lithology; or
geographically separated discontinuity-bounded units of similar lithology ( N A C S N ,
1983). This classification system is especially useful to studies of Quaternary deposits in
which compositionally similar vertical sequences warrant distinction as separate
stratigraphic units because they are products of different processes or demonstrably
different ages, often related to cycles or phases of sedimentation ( N A C S N , 1983). The
North American Stratigraphic Code revises and builds upon earlier stratigraphic codes and
guides (i.e. the International Stratigraphic Guide prepared by the International
Subcomission on Stratigraphic Classification (ISSC), Hedberg, 1976). Australian
lithostratigraphic nomenclature (Staines, 1985), as it applies to this study, also follows the
ISSC system.
In aeolianite on Lord Howe Island, there are distinct differences in the types of
discontinuities which bound the cross-bedded units. These range from clay-rich palaeosols
which represent prolonged subaerial exposure, to rapidly formed protosols: bounding
surfaces that m a y have been vegetated but do not exhibit evidence of soil profile
development. These protosols crop out as relatively thin, massive beds between foreset
cross-beds, often with fossil root structures formed by secondary carbonate (rhizoliths)
which m a y exhibit a fine mat form (typical of the root systems of grasses or palms).
However, solutional weathering features m a y also be similar to rhizolithic forms (Miller
and Mason, 1994) and careful interpretation of these features is necessary due to this
convergence of morphological forms.
Protosols may exhibit a range of forms and allostratigraphic units can be bound by
protosols that reflect a more stratigraphically-significant or regional hiatus with discernible
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pedogenic alteration. Often these major discontinuities can be seen within a layered
succession. However, as is likely with mobile dunes, lateral and complex successions are
also c o m m o n (Garrett and Gould, 1984; Carew and Mylroie, 1991; Vacher etal, 1995).
The more stratigraphically significant or regional protosols of Bermuda, which bracket
allostratigraphic units, m a y correlate with precession-related sea-level lowstands within an
interglacial (Vacher et al, 1995). This suggests there m a y be a link between these cycles of
sediment accretion and second order sea-level changes.
In the stratigraphic descriptions presented below, informal allostratigrpahic units are
established for each major area of outcrop on Lord H o w e Island where a number of
disjunct sections were examined. These units are defined on the basis of stratigraphic
position, the nature of bounding discontinuities and lithology. They provide a stratigraphic
framework for the aeolianite with more detail than provided by the lithostratigraphic
classification of these relatively homogeneous carbonates. These units are marked on
schematic long-sections of each major area of outcrop, identified by an alpha-numeric code
which represents the location (letters) and position up the stratigraphic column (numeral).
In Chapter 7, a formal allostratigraphic classification is proposed which incorporates
chronological data to help link units identified at the major areas of outcrop (Fig. 3.5),
thereby defining a chronostratigraphic framework for the entire island.

Cross-bedding vector data
Cross-bedding dip azimuth measurements are grouped into major (laterally continuous)
cross-bedded units to provide insights into wind regimes responsible for successive pulses
of sedimentation. These are presented with the stratigraphic columns of each major
outcrop. For each unit, data are grouped into 20° class intervals and the frequency for each
interval is plotted as rose diagrams (hemispherical histograms). In these diagrams the
petals (arc sectors) radii are proportional to the square root of the class frequency (Zippi,
1991). Data are also statistically analysed to provide a m e a n vector trend and standard
angular deviation (displayed on the rose diagrams), the strength or magnitude of the mean
vector (R and L in Table 3.7) and the degree of randomness and uniformity of the
distributions (z and F respectively in Table 3.7, statistics as described by Mardia, 1972;
Batschelet, 1981; Zarr, 1987).
Graphically and statistically significant wind regimes or shoreline currents revealed in
directional data are used to provide insights into environmental conditions which prevailed
during deposition of the cross-bedded units. For the major outcrops, the distributions of
the m e a n vector trends of the major cross-bedded units are displayed on hemispherical
frequency distribution diagrams to provide summaries of the past wind regimes and
shoreline currents.
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Beds deposited as reworked sections of dunes often contrast with beds which record the
major phases of dune accretion. Reworked deposits include blowouts and reactivations,
often by winds from different quadrants to the predominant direction, and account for
m u c h of the variability in the bed dip measurements from within cross-bed units on Lord
H o w e Island. Reactivations appear more localised, often being characterised by large
troughs and bundles of smaller cross-beds, frequently in the upper section of larger crossbedded units.

In summary, the lithostratigraphic and the allostratigraphic units identified form part
multiple system of classification of the island's aeolianite. This system, based on field
observations of stratigraphic position, lithology, bedding structures and bounding
discontinuities provides the essential stratigraphic framework upon which later petrological
analyses m a y be compared and crucial chronological determinations can be critically
assessed. W h e r e the geochronological data are regarded as reliable, it will be integrated
with the lithostratigraphic and allostratigraphic findings to help correlate successions
between the disjunct outcrops (Fig. 3.5).

3.5 Morphostratigraphic features of Lord Howe Island
Aeolianite on Lord H o w e Island consists of low (predominantly <40 m )ridgesand hills of
varying size. S o m e deposits show evidence of subaerial erosion and all shoreline outcrops
are cliffed along their seaward margin, both on the open coast and the lagoon shoreline.
This indicates that they are remnants of larger deposits and therefore a legacy of erosion by
the Holocene transgression. They record the accumulation of predominantly dune
complexes of varying morphology from different source areas.
The steep basalt ridges either side of North Bay (Fig. 3.4) indicate aeolianite here was
most likely derived from a beach located to the south of the outcrop. The aeolianite
comprises three distinctive landforms. At the eastern end of North Beach, an aeolianite
headland rises approximately 15 m above M S L . The erosional form of the headland
indicates it is a remnant of a larger deposit which extended east to Dawsons Ridge and
probably further west into North Bay.

Inland from the eastern end of North Beach, aeolianite has infilled a former bedrock val
and n o w forms an elongate, narrow ridge on the steep northwestern flank of Dawsons
Ridge to an elevation approximately 75 m above M S L . Erosion has occurred along the
contact of the basalt and aeolianite on the flanks of the buried basalt valley, exposing thick
(up to - 1 0 m ) foreset beds. Along the eastern and western margins of the ridge,
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dissolutional weathering, cave collapse and subsequent stream erosion of the aeolianite has
formed cliffs up to approximately 30 m thick. O n the northern shore of the North Bay
region, at the head of the narrow cove called Old Gulch, aeolianite also caps the basalt
ridge on the eastern side of the cove, to an elevation of approximately 30 m above M S L .
The location of these outcrops on steep bedrock slopes indicate the cross-beds were
emplaced as climbing dunes.

The major aeolianite deposits on the island include a prominent ridge which extends fr
Neds Beach south to The Valley of the Shadows (Fig. 3.4). The steep western flank of the
ridge, the gentiy-sloping eastern flank, as evident in the aeolianite headland immediately
south of Hells Gates (Middle Beach sites 1 and 2, below), the elongate form of the ridge
and exposures of thick (up to 23 m ) foreset cross-beds suggest the ridge represents a
source-bordering dune complex fed from a shoreline located seaward of the present east
coast.

On the western side of this section of island, aeolianite is exposed in a low (4 - 12
on the lagoon coast between Lagoon Beach and the jetty (Fig. 3.4). This outcrop is part of
aridgewhich can be traced from Signal Point northeast to the base of the main aeolianite
ridge, approximately 200 m S W of Neds Beach. Remnant outcrop in the lagoon, 150 m
south of Signal Point, indicates the ridge formerly extended at least 150 m to the southwest
and the dunes were emplaced when sea level was lower.
Approximately 300 m N of Signal Point, an aeolianite hill at Ocean View Lodge rises to
approximately 20 m above M S L . Although no bedding is exposed, its location, in the lee
of basalt hills to the N and W (Malabar and Dawsons Ridge), suggests deposition from the
S or E.

Aeolianite at the southern end of the lagoon shoreline mantles the base of Intermediat
(Fig. 3.4) and has been eroded by waves into cliffs up to 22 m high. Remnant outcrops in
the lagoon indicate an aeolianite ridge previously extended at least 150 m west from
Johnsons Beach, evident at more than 2 m below present M S L . Basalt outcrop at Lovers
Bay separates this hill from the low (4 - 7 m ) aeolianite ridge at Cobbys Corner. Most
likely the aeolianite originally formed one outcrop between Johnsons Beach and Cobbys
Corner and extended into the present lagoon to form a transverse or oblique dune ridge,
but has been eroded from the basalt high ground at Lovers Bay.
At The Big Slope, on the far southeastern coast, at the base of Mt Gower (Fig. 3.4),
weakly-lithified aeolianite beds crop out in the shoreline cliff. This outcrop indicates dunes
have climbed this steep taluvial slope from a source between S - N E of the mountain.
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The morphologies of the different aeolianite deposits appear to have recorded four
depositional characteristics: 1) The main aeolianiteridge,between Neds Beach and The
Valley of the Shadows, appears to represent an ancient source-bordering, linear dune; 2)
Smaller ancient dune ridges were emplaced at Signal Point and Johnsons Beach and have
subsequently experienced considerable wave erosion; 3) Several dune deposits were
emplaced during periods of lower sea-level; 4) Ancient dunes at North Bay and Mount
Gower have climbed steep bedrock or talluvial slopes.

3.5.1 Mapping strategy
In the following sections, for each major study location detailed descriptions of several
sites of bedding observations and measurements and interpretations of depositional facies
are presented. Photographs of bedding exposures were generally taken from platforms
seaward of the aeolianite bluffs and cliffs during periods of low swell and at low tide. This
proved to be the best perspective for observing bedding in the lower 10 m - 20 m of cliff
and intertidal outcrops.
Outcrops on the northeast coast between Neds Beach and Middle Beach (Fig. 3.4) are the
most extensive aeolianite exposures on the island, both in terms of the thickness of
sections and the lateral extent of outcrops. Therefore, a large proportion of measurements
and observations reported below were m a d e along these coastal cliffs, headlands and shore
platforms.

3.6 Stratigraphy of aeolianite at Neds Beach
Neds Beach is an embayed beach that lies between a basalt hill to the west, Malabar Hill
(North Ridge Basalt), and an aeolianite headland and shore platform to the east. Aeolianite
cliffs and bluff, fronted by shore platforms, extend from the eastern end of Neds Beach to
Hells Gates (Roach Island Tuff; Fig. 3.4).
Marine erosion of the aeolianite hill along the eastern half of Neds Beach has produced
what has long been regarded as one of the island's most significant aeolianite outcrops
(Etheridge, 1889), with large exposures of well-preserved bedding. The outcrop has also
been nominated as a type site for the island's aeolianite (Standard, 1963). A unit of
laminated, gently-dipping cross-beds in the base of the cliff of shallow-marine origin,
lying up to 6 m above M S L , has been interpreted as representing the earlier of two major
episodes of carbonate accumulation on Lord H o w e Island (Squires, 1963; Mattes, 1974;
Fig. 3.7).
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Figure 3.7: The stratigraphy of Neds Beach as suggested by Mattes (1974). Five units are
defined, four within the beach deposit (a - d), and one dune unit (e).

Aeolianite on Lord H o w e Island (dune and minor soil and beach units, as described in
Chapter 2) was considered one formation called Neds Beach Calcarenite by Standard
(1963) after the exposure at Neds Beach. This has since become the accepted name for the
island's aeolianite (McDougall etal, 1981; Department of Mineral Resources, 1987).
More recent chronostratigraphic data presented in Woodroffe et al. (1995) indicate the
basal shallow marine unit was deposited in an open beach environment during
approximately the Last Interglacial (116 ±18 ka, 138 ±21 ka T L ; 1 6 0 - 9 2 ka U/Th) and
had experienced limited subaerial exposure (evidenced by the weak pedogenic horizon in
the top of the deposit) before being overlain by at least two dunes. These data are in
contrast to the earlier radiocarbon ages which range between 20 ka and 39 ka (Kaplin,
1981; Mattes, 1974; Squires, 1963) and are discussed in detail in Chapter 5.
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The stratigraphic results presented here build on these earlier findings to provide a more
detailed stratigraphy for the Neds Beach type site and show that a major older (Middle
Pleistocene) phase of carbonate deposition is recorded in the aeolianite exposures between
the southeastern end of Neds Beach and Searles Point, approximately 350 m to the east.
Mapping results are presented in two parts, thefirstexamines the cliffed exposures at the
Neds Beach type site and the second the cliff and shore platform exposures immediately to
the east of Neds Beach (Fig. 3.8).
3.6.1 Measured sections at Neds Beach
A hill of aeolianite rises to the south behind Neds Beach to reach a height of 45 m ,
approximately 700 m southeast of the beach. Along a 200 m section at the southeastern end
of the beach, wave erosion has cut into the hill revealing in cliffed outcrop several crossbedded units (Fig. 3.8). Also exposed are several pedogenic horizons and major erosional
unconformities within and between assemblages of beds, recording several phases of
subaerial exposure and reactivations.
Four cross-sections were surveyed along the cliff. At site 1, behind the middle of the
(Fig. 3.8), in a small cutting in the northern end of the hill and in nearby cliffed outcrops
two sets of cross-bedding separated by a protosol are exposed. T h e elevation of the
outcrops (6 - 12 m above L A T ) and the thick, lower set of foresets (>5 m ) indicates an
aeolian origin for the deposit (Fig. 3.9a). Dip azimuth measurements of the top set of
foresets, lb, have a m e a n vector tend towards 270° and a standard angular deviation of ±5°
(Fig. 3.9a). In the cutting, this bedset overlies a protosol containing fossil land snails
(Placostylus bivaricosus) and thin (0.5 - 2 c m ) discontinuous calcrete bands. Below the
protosol the cutting is covered by aeolianite debris. However, 30 m to the west a thick set
of foresets is exposed in the lower section of cliff, below the elevation of the protosol, and
is considered the lower bed set for site 1, la (264° ±7°, Fig. 3.9a).
Site 2 is the classic 'type-site' for Neds Beach (Fig. 3.10a). Three cross-bedded units
evident in the 30 m cliff (Fig. 3.9b). In the lower 4 - 5 m , low-angle planar cross-laminae,
traceable laterally for 10s of metres, have been interpreted as a beach deposit based on the
presence of isolated coral gravel, pumice pebbles, transported limpets (Patella sp.) and
cowries (Cypraea sp.) and a well-defined foreshore scour channel (Mattes, 1974;
Woodroffe et al, 1995). These beds were divided into four units by Mattes (1974; Fig.
3.7). However, only two bed sets separated by an erosional unconformity are prominent,
2ai and 2aii, which appear to record separate phases of deposition (351° ±38° and 262°
±38° respectively, Fig. 3.9b). The lower coset, 2ai, contains abundant rhizoliths and is
darker (brownish yellow) compared to the overlying laminae (yellow) reflecting a longer
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period of pedogenesis (Fig. 3.10b; Munsell colour assessments for numerous outcrops at
the main study locations are provided in Table A1.2 in Appendix 1). However, in the
upper coset (2aii) bedding structure is not preserved in the top 30 - 60 c m and in places a
darker colouration and scattered bird bones suggest a weak protosol developed on this unit
during a relatively short hiatus. This hiatus marks the switch from beach to dune
sedimentation as the beach beds (2a) are conformably overlain by a thick set of dune crossbeds, comprising steeply-dipping foresets up to 15 m thick, 2b (272° ±8°). The foreset
beds are overlain by low-angle topset strata, approximately 3 m thick. The topset bedding
is capped by a well-developed protosol up to 2 m thick, previously unmapped, which
contains scattered Placostylus (Figs 3.9b, 3.10b). The protosol is conformably overlain by
another set of steeply-dipping foresets approximately 6 - 7 m thick, bed set 2c (250° ±11°X
which forms the upper section of cliff. Behind the cliff, a closed forest community covers
the hill.

The three cross-bedded units at site 2 can be traced along the cliff to the east. At sit
m east of site 2, additional bedding is exposed in the base of the cliff, bed set 3a. The bed
set consists of moderate to steeply-dipping strata (090° ±12°; Fig. 3.9c) and is onlapped by
the beach beds described at site 2 (3b). Although the onlap is mostly obscured by cliff
debris and heath, it is visible in the base of the cliff and in the wave-cut bench in front of
the cliff (Fig. 3.10c). The dune units above the beach beds form the majority of the cliff,
3c (272° ±8°) and 3d (216° ±7°).
A fourth cross-section was surveyed on the seaward end of the short headland at the far
eastern end of Neds Beach, site 4. In the base of the headland, a coset of two wellcemented, steeply-dipping foresets are exposed, 4ai (096° ±19°) and 4aii (257° ±21°; Fig.
3.9d; Fig. 3.11a, seen best at low tide). Only 30 - 90 c m of the lower bed set, 4ai, is
visible on the beach (northern) side of the headland (Fig. 3.11b). In the front of the
headland, the upper bed contains cross-strata up to 3.5 m thick, typical of dune bedding
(Fig. 3.1 lc). Aeolianite outcrops in the intertidal and supratidal zones are heavily cemented
and sharply etched. Also, in the end of the headland, relict solution pipes (up to 250 m m
diameter) have been exposed, some infilled by palaeosol. These karst features developed
during a prolonged period of subaerial exposure, also recorded by a clay-rich, reddish
brown palaeosol up to 60 c m thick (pi, Fig. 3.1 lb, c) which caps these cross-beds.

Bed set 4a can be traced along the southern flank of the headland and into the cove to t
east (site 5,4a = 5b; Fig. 3.1 lc, d).The majority of the bluff and cliff above the palaeosol
is covered in cliff debris. However, in the top 4 m of cliff, steeply-dipping foresets, 4b
(211° ±6°; Fig. 3.9d), appear part of the cross-bedded unit revealed in the top of the cliff at
sites 1 - 3.
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3.6.2 M e a s u r e d sections between N e d s Beach and Searles Point
Immediately east of the headland at Neds Beach (site 4), a cove has been eroded into the
aeolianite and basalt crops out in the shore platform and the base of the cliff. Several crossbedded units are exposed in the lower 8 - 10 m of cliff (Fig. 3.12) and thick dune foresets
are exposed in patches in the top 2 - 8 m of cliff. However, the remainder of the cliff face
is covered in slope debris and a dense coastal heath (Fig. 3.12).

Cross-section 5 (site 5) was surveyed in the middle of this cove (Fig. 3.9e). The crossbeds exposed in the base of the headland at site 4, bed set 4a, can be traced along the
eastern side of the headland into the cove (Fig. 3.12a, b). The bed set reaches an elevation
of approximately 6 m at the eastern end of the cove (site 5) where it thins (bed 5b, 258°
±7°). The cross-strata dip towards the west, suggesting the dune migrated d o w n slope
from the east, over an older cross-bed set, 5a (050° ±20°; Fig. 3.9e).

Bed set 5a sits on a dark-brown palaeosol that developed on Roach Island Tuff. This unit
thickens to the southeast and pinches out at the northern side of the cove (dip to N E , Fig.
3.12a). Where it thins, the palaeosol overlying 5a, p2, welds with the palaeosol on the
basalt (pi, Fig. 3.12b). W a v e erosion has cut into the palaeosol and the cross-beds,
forming an overhang in the base of the cliff which provides good exposures of bedding
and the palaeosols (Fig. 3.lid, Fig. 3.12b). Another set of steeply dipping foresets, 5c
(134° ±16°), is exposed in the cliff above unit 5b and palaeosol p3 (Fig. 3.9e).
The eastern side of the cove is formed by another short headland, at the seaward end of
which cross-section 6 was surveyed (site 6, Fig. 3.9f). The bottom set of cross-beds at
site 5,5a, can be traced along the northern flank of this headland to site 6, bed set 6c (056°
±4°), where it rises over two cross-bedded units and then thins. Here, the palaeosol
overlying bed set 6c, p3, and the palaeosol below, p2, merge into one unit (Fig. 3.13a).
The three cross-bed units in the base of the headland form a heavily-cemented, highlyetched, raised shore platform. Between sites 5 and 6, another set of cross-beds capped by
a palaeosol, 6d (106° ±11°), and palaeosol p4, stratigraphically above 5a of site 5, are
exposed behind the raised platform (Fig. 3.9f; Fig. 3.13b). This palaeosol (p4) is overlain
by another set of cross-strata, 6e (152° ±11°), and small patches of cross-bedding crop out
in the bluff above, bed set 6/(228° ±11°; Fig. 3.9f). The majority of the bluff above bed
set 6e is covered in unconsolidated sand and dense coastal heath.
The mostly low to moderate-dipping cross-strata of the lower cross-bed set at site 6,
can be traced along the front of the raised platform (providing exposures up to 3.5 m thick,
Fig. 3.14a) to site 7, 50 m to the east. Small sea caves and coves have been eroded into the
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Figure 3.12: Neds Beach, sites 4, 5 and 6. a) Neds Beach is visible in the far right of the photo
The bedset and palaeosol in the base of the headland (b, p3) can be traced into the cove where they
overlay a palaeosol (p2), well exposed in the E (left) side of the cove, and thin to the E (p2, left s
photograph). The basal dune unit (a) thickens to the NE. In the cove, unit a sits on basalt (v) or a
brown palaeosol (pi). Unit b and palaeosol p2 are also overlain by dune unit c. A dune unit (d) is als
exposed in the top of the cliff, b) Sites 5 and 6; the intertidal platform is revealed during a sprin
tide with a very low swell Unit a thickens towards the end of the headland. The succession of
palaeosols (pi, p2, p3) and dune units (a, b, c) is clearly exposed. The location of cross-sections
6 are marked (xs5, xs6).

iuy
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Figure 3.14: Neds Beach, sites 6 - 8. a) Outcrops on the shoreline between sites 6 and 8 (photos
from the W end of Searles Point looking NW). The raised platform is up to 4.5 m above the intertid
platform and is being undercut by wave erosion. Sea caves (sc2, sc3), survey sites (6, 7a), d
bedsets (ne3a, 3b) and palaeosols (site 7a: p2, p3) are marked, b) The cliffed edge of the raised sh
platform and eroded blocks (b) adjacent to site 7a. The bedding exposed to the left of the sea cave
forms a trough (t) with a dip to the NE. Palaeosol p3 and bedset 7e are also exposed in the hill abov
the platform, c) Site 7a: in the cliffed margin of the raised platform, low-angle cross beds (7c) c
palaeosol (p2) and dune unit (7b), and rise to the SE, where bedset 7b pinches out and 7c thickens
Calciteflowstone(f) has been precipitated on palaeosol p2.
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platform (Fig. 3.14a). At site 7, this bed set, 7c, rises over a palaeosol and thins to the
southeast (Fig. 3.9g, Fig. 3.14c).

There is considerable variability in the dip of cross-strata in the laterally extensive
cross-beds, from 10° - 34°, with at least two large-scale troughs (4 - 8 m width, Fig.
3.14b) within the curved and parallel bedding. Bedding orientation is difficult to measure
as the outcrop is heavily cemented and etched. However, the more inclined beds dip
between N W and E (Fig. 3.9f: bed set 6a). Bedding is often steeper in the lower sections
of outcrop. N o coarser layers or clasts or bedforms which would indicate a shallow marine
origin were found. The large variability in the bedding attitude suggests the exposure is the
upper section of an aeolian dune in which low-angle, variable bedding and reactivations are
c o m m o n (Allen, 1982a).
Two disconformities are visible within cross-bed set 6a/7c: on the eastern side of the
second sea cave east of Neds Beach (sc2, Fig. 3.13a) a second-order reactivation surface
records reworking, while 20 m east of site 6 a fracture which cuts across the bedding
appears to relate to slumping: east of the fracture, bed dip azimuths are highly variable and
dip angles adjacent to it are greater than 40°. O n the raised platform around the fracture,
aeolianite is in places capped by brown and white laminated calcite (up to approximately 85
m m thick) and vein calcite is evident in aeolianite adjacent to the fracture, recording a
period of speleogenesis within this outcrop (Fig. 3.13d).

Two cross-sections were surveyed at site 7, one on the raised platform and the base of th
cliff behind the platform (cross-section 7a, Fig. 3.9g, i), while the second, 15 m further E,
extends from the intertidal shore platform to the top of the cliff (cross section 7b, Fig.
3.9gii). The narrow (6 - 10 m ) raised platform comprises two sets of cross-beds, 7a and
7b, separated by a thin (-20 c m ) heavily-cemented palaeosol. In places, calcite flowstone
(up to 4 0 m m thick) has been deposited along this discontinuity (Fig. 3.14c), also
recording subaerial karst in the outcrop. The upper bed set, 7b (173° ±8°), is capped by a
thicker (-45 c m ) , fossiliferous (bird bones and a land snail, Gudeoconcha

sophiae)

palaeosol (p2) which contains basalt clasts up to 5 c m in diameter (Fig. 3.9g, Fig. 3.14c).
At the base of the cliff behind the platform, conformably overlying p2, two thin (both
approximately 0.7 m thick) steeply-dipping foreset beds, 7d (355° ±12°), are in turn
capped by a sandy protosol comprising a rhizolithic mat, p3 (Fig. 3.15). A small exposure
of low- to moderately-dipping cross-bedding, probably part of a dune topset bed, is
evident in the cliffed outcrop 5 m above p3 (7e, Fig. 3.9g). The remainder of the bluff,
apart from the top 2 m , is covered in aeolianite cliff debris, unconsolidated sand and thick
coastal heath with no visible aeolianite exposures. A small exposure of foresets in the top
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of the bluff, bed set7f, has similar dip orientation (212° ±7°) and white colour to cliff-top
units at sites 5 - 1 (Fig. 3.9gi). Between site 7 and site 8 (Searles Point), a small cove (10 25 m wide) has been eroded into the aeolianite and the contact with the underlying basalt is
exposed on the eastern side of the cove. Aeolianite blocks and several eroded calcite
speleothems were found in shoreline deposits within the cove. Also, in situ flowstone
remnants are present on the eastern side of the cove, indicating the cove likely formed with
preferential marine erosion of a former cave system within the aeolianite (Fig. 3.15).
Although the cove forms a major break in the shoreline outcrop, the basal unit at site 7,
also exposed in the low-tide platform, and the unit at approximately 8 m elevation (7d), can
be traced out across the cove into the aeolianite outcrop at Searles Point.

Searles Point consists of a highly-eroded and etched aeolianite promontory (130 m long,
40 m wide, Fig. 3.8), orientated east-west, with most of its irregular surface formed by
heavily-cemented, erosional remnants of steeply-dipping foreset beds or clay-rich
palaeosol. There is very little soil on the point and vegetation (grasses and vines) is
restricted to the less exposed southern and western parts of the promontory.

Two sections were surveyed, one at the western end, cross-section 8 (site 8, Fig. 3.9h,
Fig. 3.15) and the second towards the eastern end of the point, cross-section 9 (site 9, Fig.
3.9i, Fig. 3.16). Cross-beds that comprise the point are best exposed along its southern
and eastern cliffed margins, with some less well-defined bedding in the western edge (Fig.
3.15). The point consists of at least three cross-bedded units. T h e bottom bed set is
exposed on the southeastern and northern edge of the point. However, this outcrop is
heavily-cemented and algal-encrusted and only faint cross-bedding is discernible in the
northwestern edge of the point (bed set 8a, Fig 3.9h). T h e apparent orientation of this
cross-bedding suggests deposition under wind from the west. B r o w n colouration in the
top 3 - 5 c m of this bed set appears to represent a remnant palaeosol (pi, Fig. 3.9h).
Above this discontinuity there is a coset of foresets exposed at sites 8 and 9, 8bi and 8bii
(Fig. 3.16). Steeply dipping cross-strata in the lower bed set, 8bi/9bi (189° ±13° and 195°
±3° respectively) on the southern side of the point are up to 4 m thick. The scale of these
foreset beds is typical of an aeolian dune. They are overlain erosively by moderately to
steeply-dipping strata, bed 8bii/9bii (341° ±10° and 345° ±9° respectively) which thicken
towards the northeastern side of the point where they are up to 3 m thick (Fig. 3.9h,i). The
clean, concave contact between these bedsets on the southwestern side of the point, in the
cove at Hells Gates, suggests the top bed set was deposited as a result of the reactivation of
the basal cross-bedding (Fig. 3.16a).
Bed set 8bii is capped by a clay-rich palaeosol (p2, Fig. 3.9h), 35 - 50 cm thick, which
contains abundant bird bones, small carbonate nodules (diameter of 3 - 5 m m ) , and basalt
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b)

0

Figure 3.16: Searles Point, sites 8 and 9. a) Searles Point viewed from the SE (Hells Gates).
cliffed southern edge of the point is up to 7 m high. The point comprises 3 dune bedsets (9a, 9b,
separated by palaeosols (pi, p2). The location of cross section 9 (xs9) is marked. Two sets offor
(bi, bii) are exposed in the SW side of the point (bedset 8b, left side of plate). Basalt (v) crops
the shore platform in the foreground and in the cliff in the far left of the photograph, b) The ka
surface of Searles Point at site 9 (view lo the SE). Truncated foresets (Fxb) are exposed above
palaeosol (p) and basal dune unit, c) The high-relief surface of Searles Point at site 9. The geol
hammer (arrow) is 28 cm long and sits on a 15 cm thick flowstone (f, sef962 in Chapter 5), a vado
karst feature, which drapes the aeolianite.
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pebbles up to 5 c m in diameter. W h e r e it is exposed on the point, the upper bed set is
highly karstified with numerous solution depressions. At the northwestern and
northeastern ends of the point, white to pale brown laminated calcite (up to 150 m m thick)
has been deposited on bed sets 8biil9bii (Fig. 3.9h, i) in three of these depressions (Fig.
3.16c). These flowstones indicate the depressions were formed in cave environments that
formerly existed within the aeolianite.

In the eastern half of the point, steeply-dipping foresets conformably overlie palaeosol
This cross-bedding is truncated at the southeastern end of the point while in the centre of
the point it consists of a foreset and topset sequence up to 1.5 m thick, bed set 8c/9c (023°
±34° and 016° ±11° respectively; Fig. 3.9h, i). These exposures are highly etched and
solutional depressions are evident along the northern margin of the point.
Searles Point connects to the aeolianite headland which rises into the ridge behind the
shoreline (cross-section 8, Fig. 3.9h). Aeolianite on the southern edge of the point, which
forms the northern margin of the narrow cove at Hells Gates, onlaps reddish brown tuff
and dark-grey basalt (Roach Island Tuff, Fig. 3.16a). Parallel beds on the lower western
side of the headland overlie weathered basalt and conform to the slope of this bedrock
surface, but it is unclear whether these beds correlate with beds exposed on the point (Fig.
3.9h). Thin foresets exposed in the headland above, bed set 8d (169° ±35°) contain
abundant rhizoliths and are capped by a sandy protosol containing a mat of rhizoliths. This
protosol (p3) appears to continue around the cove to site 7 (Fig. 3.9g, h).
Apart from an exposure of low-angle cross-bedding, 8e, approximately 3 m above
protosol p3, the headland is mostly covered by slope debris, unconsolidated sand and thick
coastal heath. In the top 3 - 5 m of bluff, a small cliffed outcrop of steeply-dipping crossstrata, 8f, have the same dip orientation (216° ±7°) and white colour as foresets in the top
of the bluff at sites 6 - 1 (Fig. 3.15).
3.6.3 Stratigraphic interpretations: Neds Beach - Searles Point
Stratigraphic columns for each measured section between Neds Beach and Searles Point
summarise the form and depositional facies of each bed set, palaeosol and protosol
examined (Fig. 3.17). A n overview of the succession and the approximate areal exposure
of bedding is provided in a long-section of the shoreline (Fig. 3.18, section location is
shown in Fig. 3.8) which reveals both the stacking and lateral accumulation of crossbedded units. This diagram builds on the data provided in the measured sections,
displaying the extent of outcrops in the cliffs and platforms and indicating the significant
units delineated by major erosional discontinuities and palaeosols. In this complex of
cross-bed sets, several units pinch out and palaeosols merge, stratigraphic features typical
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of dune deposits. Eleven cross-bedded units are identified between Neds Beach and
Searles Point (units nel - nell: ne = Neds Beach, rather than nb, to avoid confusion with
North Bay: no).

Dip azimuth measurements of foreset bedding within each cross-bedded unit (the
amalgamation of data collected at each site - displayed as rose diagrams on the measured
sections, Fig. 3.9), record the effective wind regimes during these phases of dune activity,
and indicate the orientation of the former beach evident at sites 2 and 3 (cross-bedded unit
ne9). These data were statistically analysed to provide m e a n vectors, standard angular
deviations and tests for randomness (Table 3.4). The m e a n dip azimuths of the dune units
show statistically significant unimodal distributions, indicating generally unidirectional
winds during emplacement of the foresets.
Bedding exposures in extensive cliffed outcrops at Neds Beach, sites 1-4, and further
east, in raised shore platforms and at the base of cliffs between sites 5 - 9 , show cross-bed
sets can be traced out between several measured sections. These outcrops reveal two
distinct successions of aeolianite. The lower succession, identified between sites 4 - 9 ,
comprises seven or eight cross-bedded units (nel - ne8; the stratigraphic status of ne8 is
discussed below). The upper succession is well-exposed between sites 1 - 3 , comprising
three cross-bedded units (ne9 - nell).

Between sites 1-3, bed sets can be clearly traced out in the cliffed exposures. At site 2
the beach beds (ne9, m e a n vector -345°) indicate a beach open to the N , similar to the
present beach. The overlying thick dune unit (nelO, 260° ±18°) is separated from the top
dune unit (nell, 229° ±19°) by a thick, fossiliferous protosol, with both units recording
deposition by northeasterly winds. At site 3, the quite friable beach beds onlap heavilycemented, steeply-dipping cross-strata in the base of the cliff (unit ne7a, 96° ±19°; 7b,
256° ±17°; Table 3.4) that can be traced out to sites 4, 5 and 6. Foreset bedding
orientations in unit ne7 suggest deposition by easterly and westerly winds and these beds
form part of the lower succession of cross-bedded units.
Exposures of bedding above unit ne7 (unit ne8, 145° ±15°), between site 4 and Searles
Point (sites 8 and 9), cannot be stratigraphically reconciled with the beach beds (ne9):
foresets in ne8 exhibit dip orientations towards the southeast, in contrast to the dune units
overlying the beach beds (nelO, nell), and exposed in the cliff above ne8 (nell), which
dip towards the west-southwest (Table 3.4).
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Table 3.4: Descriptive statistics for the bed dip azimuths of each cross-bedded unit between
Neds Beach and Searles Point
unit

N

mean
vector

angular
deviation

ne2a
ne2b
ne3a
ne3b

14
9
9
8
19
9
12
7
15
12
12
10
10
20

191
342
52
260
1
51
128
96
256
145
348
343
260
229

11
11
60
18
37
16
39
19
17
15
41
32
18
19

r

R

L

z

F(d.f.)

214.935 (13)V
0.982
13.742
98.150
13.485
0.983
8.844
8.685
228.025 (8)\
98.261
0.586
5.276
3.090
58.622
7.48 (8)V
0.950
7.598
77.54 (7)V
7.215
94.975
ne4
0.811
15.40
12.49
81.092
19.07 (18)\
0.960
8.644
8.300
96.044
ne5
99.105 (8"W
0.793
9.512
ne6
7.540
17.2 (11)V
79.266
0.945
ne7a
6.613
6.245
70.325 (6)V
94.471
ne7b
0.958
14.365
13.755
92.385 (14)V
95.763
11.574
neS
0.965
11.160
96.450
110.67 (11*W
0.770
ne9a
9.243
7.115
77.025
15.31 (11)V
ne9b
0.859
8.590
7.375
85.900
26.3 (9*W
0.953
nelO
9.533
9.085
83.52 (9)V
95.325
0.944
18.888
69.845 (19)V
94.437
nell
17.835
N: number of observations; r: mean vector length; R: magnitude of the resultant vector; L: magnitude % of
the resultant vector; z: Rayleigh test of randomness (samples (N>7) nonrandom if z>4.156 (p=l%),
z>2.882 (p=5%)); F: test of uniform distribution, V = non uniform distribution (p=5%).

If unit ne8 is genetically related to the upper succession of cross-beds, it was likely
emplaced prior to the thick aeolian units overlying the beach beds, at a similar time to or
slighdy before the beach beds. Nonetheless, all units stratigraphically below ne7 are also
stratigraphically below the beach beds at Neds Beach, unit ne9 (Fig. 3.18). Therefore, at
site 3, a major stratigraphic boundary is revealed between the upper succession of weaklyto moderately-cemented beach and dune cross-bedded units (ne9 - nell) and the lower
succession of heavily-cemented dune cross-bedded units (nel - ne7, Fig. 3.18).

The lower, partly lateral succession of dune units are exposed in the bottom 10 m of clif
and in shore platforms between sites 4 and 9. Most discontinuities rise towards the east,
and from the west to the east, a stratigraphically lower bed set, overlain by a palaeosol, is
exposed at the base of each measured section. Therefore, Searles Point comprises the basal
aeolianite units along this section of coast (Fig. 3.18).
Mean vectors for these lower dune units show considerable variation. The best exposures
of foreset bedding were measured in units ne2 (2a, 191° ±11°, 2b, 342° ±11°), ne4 (1°
±37°), ne5 (51° ±16°), ne7 (7a, 96° ±19°, 7b, 256° ±17°) and ne8 (145° ±15°). Only small
outcrops were found of unit ne6 (128° ±39°). Unit ne3 represents a relatively large
component of the lower succession but few exposures of foreset bedding (ne3a, 52° ±60°,
Fig. 3.14a) were found, while the southern part of this unit, ne3b, comprised mostly lowangle cross-strata, suggestive of dune topset bedding. Thus, units ne6 and ne3 provide a
less equivocal record of apparent palaeowind directions.
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The distribution of the m e a n vectors for units in the lower succession shows that effective
winds have originated from all quadrants (Fig. 3.19). W i n d from the S E quadrant appears
to have been the least effective, with only one bed set within unit ne2 recording dune
mobility under a wind from S S E (Fig. 3.19). Also, within two units (ne2, ne3), clean
erosional unconformities between cross bed sets with nearly opposite m e a n vector trends
record switches in wind regime during an accretional phase (not improbable given the
range of directions of effective winds on Lord H o w e Island today; section 1.4.2), or,
reworking of the dune after the major build-up of sediment. The minor though graphically
distinct bimodal distributions of dip azimuths of cross-bedding in units ne3a, ne4 and ne6
(Fig. 3.20) is suggestive of a sinuous-crested, transverse dune ridge ( M c K e e and Ward,
1983; Caputo, 1995). However, only unit ne4 exhibits morphological evidence (curved
foreset bedding on Searles Point) to support this conjecture.

Bedding exposed at the top of the cliff above Searles Point (sites 7 and 8) has a simil
orientation and consists of the same white, weakly-cemented dune cross-beds that are well
exposed in the top of the cliffs at sites 1 - 4 . Therefore this outcrop is considered part of
cross-bedded unit nell. The unit is likely a major component of the cliff east of site 5,
above the lower succession (above ~10 m L A T ) where little bedding is evident, comprises
the same thick dune units exposed above the beach beds at sites 2 and 3 (nelO and nell).
The considerable lateral extent (up to 400 m for nell, and over 200 m for nelO) and
relatively consistent dip orientations of foreset strata in units nelO and nell is consistent
with a transverse dune form (Table 3.4).

ne7a

ne6

Figure 3.19: Hemispherical distribution of the mean vectors of cross-bedding dip azimuth
measurements in allostratigraphic units between Neds Beach and Searles Point. Small
circles represent the mean vector trends within units, plotted in 20° class intervals.
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Figure 3.20 summarises the general stratigraphy of the outcrops. The figure is scaled to
represent the measured thickness of each cross-bedded unit and includes rose diagrams of
the dip azimuth measurements for each dune unit. Thisfigureindicates the large pulses of
sediment deposited on the island after the beach unit (ne9) was emplaced. However, the
relatively thin older (Middle Pleistocene) units m a y have been eroded d o w n to the water
table prior to soil formation (discussed in Brookfield, 1992) and have experienced some
decalcification during pedogenesis. Also, it is probable that only the upper portion of dune
units ne3 and nel are exposed, the larger parts of these units extending below sea-level.
3.6.4 Lithostratigraphic units between Neds Beach and Searles Point
The weakly-cemented beach unit and the overlying, thick dune units are extensively
exposed in the aeolianite cliff at the eastern end of Neds Beach (sites 1 - 4). This outcrop
was described as the type site for a lithostratigraphic unit called the Neds Beach Calcarenite
(Standard, 1963; McDougall et al, 1981). The present study proposes the n a m e of this
formation be slightly amended to the Neds Beach Aeolianite Formation (hereafter
abbreviated to the Neds Beach Formation) to reflect the dominant rock type in this outcrop,
carbonate dune grainstone.
The top dune unit at Neds Beach, nell, overlying a thick, well-developed protosol (not
identified in the published descriptions), is characterised by its w e a k to moderate
cementation and white colour, reflecting a lack of dark volcanic grains and pedogenic
discolouration and only slight diagenetic alteration. Although the protosol appears to
represent the most significant stratigraphic break in the succession at the Neds Beach type
site, the dune units above and below the protosol display only minor lithological
differences. The lower dune unit, underlying the protosol, is only slightly darker, a very
pale brown (10YR 8/3), and less cemented than the top dune unit (10YR 8/1). The beach
beds in the base of the cliff are distinctly darker than the dune units, being brownish
yellow (lower bed, 2aii, 1 0 Y R 6/6) to yellow (upper bed, 2ai, 1 0 Y R 7/6) and also weaklycemented. In addition to the influence of pedogenesis, the greater proportion of fine
sediment and volcanic minerals in the beach deposit has likely contributed to this darker
colouration. A s in the earlier studies, these units are classified as part of the Neds Beach
Formation (Fig. 3.20).

Seven or eight cross-bedded dune units (nel - ne8), stratigraphically below the beach be
at Neds Beach, form a succession along the coast to Searles Point. This aeolianite is
predominantly heavily-cemented, often capped by clay-rich palaeosols, and exhibits
subsurface karst features such as solution tubes (site 4), slumped beds and remnant
speleothems (sites 6 and 7), and cavernous depressions and thick flowstones (sites 8 and
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Figure 3.20: Stratigraphy of aeolianite between Neds Beach and Searles Point. The
approximate thickness of each cross-bedded unit is indicated. Dip azimuth data of each
unit are presented in rose diagrams and the allostratigraphic units identified are also
indicated.
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9). T w o of the thicker palaeosols (those capping units ne7 and nel) are fossiliferous, with
land snails and bird bones, and one contains basalt pebbles (palaeosol capping ne2).
Exposure in the intertidal or spray zone m a y have influenced the degree of cementation of
these outcrops (McLaren, 1993). Nonetheless, the overlying palaeosols indicate they have
all experienced a considerable period of meteoric diagenesis.
On Bermuda it has been found that a moderately developed terra rossa palaeosol formed
over a period of approximately 80,000 yrs and the length of meteoric diagenesis is
generally well correlated with the degree of cementation within a unit (Vacher et al, 1995).
Although lithological and environmental conditions m a y differ to those of Lord H o w e
Island, it is clear these soils require several tens of thousands of years to develop and units
nel - ne7 represent significant periods of dune emplacement and soil development (Fig.
3.18). However, all these units comprise heavily-cemented, pale brown to yellow skeletal
carbonate grainstone. The similar degree of cementation m a y reflect prolonged diagenesis
in all units, or variations in the cumulative diagenesis experienced by the units m a y be
masked by cementation that has occurred during their period of shoreline exposure.
Whatever the cause, the lithologic similarity of the units indicates they are one
lithostratigraphic unit. T h e present study proposes the distinct lithologic character and
stratigraphic position of this succession warrant its classification as a n e w lithostratigraphic
unit called the Searles Point Aeolianite Formation (hereafter abbreviated to the Searles
Point Formation) due to the good exposures of these distinctively darker-coloured,
heavily-cemented foreset cross-beds, palaeosols and subsurface karst features on Searles
Point (Fig. 3.20).
3.6.5 Allostratigraphy: Neds Beach - Searles Point
As palaeosols and protosols overlay most cross-bedded units, these deposits record phases
or cycles of sediment accumulation. The length of hiatus between these phases, as shown
in Bermuda, varies from several tens of thousands of years for clay-rich or terra rossa
palaeosols to at least an order of magnitude less for protosols (Vacher et al, 1995). Most
of the cross-bedded units therefore m a y be classified as allostratigraphic units ( N A C S N ,
1983), representing significant stages in the accumulation of the carbonate.

Dune units nel and ne2, exposed at site 9, are grouped into one allostratigraphic unit, N
(Nl = Neds Beach, allostratigraphic unit no.l), as little bedding was discernible in the
mostly intertidal outcrop of nel and the nature of the discontinuity between the bed sets
could not be clearly ascertained due to algal encrustation. Between sites 9 and 5, dune units
ne3, ne4, ne5, ne6, ne7 and ne8 were examined in disjunct outcrops in the cliff and in
more continuous exposures in the raised shore platforms, as both a lateral and stacked
succession in which the sets of cross-beds are bounded by palaeosols or well-developed
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protosols. Therefore, they are also considered allostratigraphic units, N 2 , N 3 , N 4 , N 5 ,
N 6 and N 7 respectively (Fig. 3.20).

In contrast, the upper succession of beach and dune units (ne9, nelO and nel 1) comprise
two allostratigraphic units, N 8 and N 9 : the weak pedogenic features in the top of the beach
unit (massive structure, scattered rhizoliths and slightly darker colour) indicate a relatively
short hiatus between deposition of the beach beds and emplacement of the overlying dune.
These cross-bedded units form allostratigraphic unit N 8 , which represents a phase of
beach and dune sedimentation after a relatively long period of soil development, recorded
by the palaeosol covering unit N 6 , or, as discussed above, possibly after a later phase of
dune emplacement, as represented by unit N 7 (Fig. 3.20).

The top dune unit, nell, overlies the well-developed, fossiliferous (Placostylus) protoso
that formed on the underlying thick dune unit, nelO. Both units thin towards the west (Fig.
3.18). Similar bedding exposed at sites 7 and 8 suggest nell extends eastwards, along the
top of the cliff to Searles Point and overlies basalt at Hells Gates. These sets of foreset
beds represents the last phase of dune accretion, allostratigraphic unit N 9 . This sequence
of aeolianite accumulation will be compared with the major outcrop further south at Middle
Beach.
3.6.6 Stratigraphy of Neds Beach: a summary
Field mapping and bedding measurements have provided several n e w insights into the
stratigraphy of aeolianite between Neds Beach and Searles Point:
1) At least seven dune units exposed between Neds Beach and Searles Point, units nel ne8, stratigraphically sit below the beach and dune units exposed in the cliff at sites 2 - 3
Neds Beach (Fig 3.18). D u n e unit ne8 is positioned below the beach unit in the general
stratigraphy of this outcrop (Fig. 3.20). However, as noted above, it m a y have been
deposited during this sea-level highstand.
2) Units in the lower succession are heavily cemented, often capped by clay-rich
palaeosols, and exhibit subsurface karst features. These cross-bedded units form a lateral
and vertical succession between Neds Beach and Searles Point. Cross-strata in these units
record a variety of effective wind directions, though a majority of mean vectors reflect S S E
to N W (through S) winds. They constitute a distinct lithostratigraphic formation called the
Searles Point Formation, due to the good exposures of these units on Searles Point. Units
bounded by palaeosols or well-developed protosols in this formation record at least six
discrete phases of dune accretion, allostratigraphic units N l - N 6 (Fig. 3.20).
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3) The beach unit at Neds Beach onlaps the older dune units, the onlap evident in shoreline
outcrop in the base of the cliff at the eastern end of the beach (site 3, Fig. 3.10c). Dip
orientations of the foreshore laminae indicate a palaeoshoreline facing northwards, similar
to the modern beach. T w o weakly-cemented dune units, nelO and nell, were emplaced
over the beach beds. These beach and dune units constitute the Neds Beach Formation.
Both of the dune units have been deposited by winds from the E - N E . The low angular
deviations of the m e a n vector trends in these units, which extend over a considerable
distance (400 m ) , suggests a transverse dune morphology.

4) As a relatively short hiatus is recorded between emplacement of the beach beds and th
overlying dune (nelO), they represent one allostratigrpahic unit, N 9 . In contrast, the top
dune unit (nell) is separated from this unit by a well-developed protosol. This dune
(nell) shows only minor lithological differences from the underlying dune unit but
represents the final phase of dune accretion, defined as allostratigraphic unit N10.
The sequence of aeolianite accretion between Neds Beach and Searles Point is summarised
in Figure 3.18, showing the lower succession of aeolianite overlying the volcanics, the
onlap of this succession by the beach beds at Neds Beach and the mantling of the older
aeohanite and beach beds by two thick dune units.

3.7 Stratigraphy of aeolianite at Middle Beach
Middle Beach contains the most extensive outcrops of aeolianite on the island. Ancient
dunes that accumulated along this 900 m of coastline have been eroded into a bluff that
rises 30 - 35 m above the shoreline. The bluff comprises sections of cliff, small rocky
embayments, extensive intertidal and some raised shore platforms, and narrow sand and
gravel beaches (Fig. 3.21).

The dark volcanic cliffs and shore platform at Hells Gates separate the shoreline expos
of aeolianite at Middle Beach and Neds Beach. A n aeolianite capping over the volcanic hill
behind Hells Gates links the top units at Neds Beach and Middle Beach. This unit crops
out in the cliff at the northern end of Middle Beach, overlying the volcanic basement,
approximately 150 m southeast of Hells Gates. At the far southern end of Middle Beach,
aeolianite again onlaps basalt (North Ridge Basalt) whichrisesfrom the shoreline to form
the hill k n o w as The Clear Place (Fig. 3.4).
At Middle Beach, extensive shoreline exposures in cliffs and shore platforms along the
base of the bluff, the large-scale outcrop in the northern and southern areas, where
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aeolianite cliffs rise to over 20 m above sea level, and patches of bedding and
discontinuities exposed throughout the bluff reveal a relatively detailed stratigraphy.
However, mapping units at Middle Beach is limited at several sites where outcrop is
lacking, mostiy between approximately 10 - 20 m above the shoreline in the central area of
this coast.

Sections were surveyed at 19 sites (Fig. 3.21) and wherever possible beds, palaeosols and
protosols were traced-out or matched between sites. Mapping the lower outcrop in the
northern area (sites 1 - 5), around site 10, and most shore platform exposures was
restricted to periods of lowtideand low swell.
3.7.1 Measured sections in the northern area, sites 1-5
The northern area forms an indented coastline where small points and headlands extend out
from the aeolianite bluff. Raised shore platforms occur in front of several cliffed sections
and an intertidal platform fringes m u c h of the shoreline. Small coves, slots, notches and
caverns have been cut into the aeolianite by wave erosion (Fig. 3.21). Sedimentation is
restricted to small pocket beaches. This morphology reflects a strong erosional regime.
Cliffs in the headlands, coves and the raised platforms provide good exposures of
aeolianite bedding.
Site 1 is located at the northern end of the Middle Beach bluff. Here, a cove has been
formed by preferential erosion along the contact between aeolianite and basalt. In the
northern side of the cove, the bluff consists of an 8 -15 m basalt cliff overlain by aeolianite
(Fig. 3.22a). In the head of the cove, the 32 m bluff consists entirely of aeolianite and
exhibits several cliffed outcrops. O n the southern side of the cove, a narrow aeolianite
headland, up to 15 m high, extends seawards from the lower half of the bluff (Figs 3.22b,
3.23a).
Several cross-bedded units are exposed at site 1. The basal unit, bed set la, is best
exposed in the base of cliff at the head of the cove. Several large blocks have collapsed
from the outcrop due to undercutting by waves (Fig. 3.22a,b; Fig. 3.23a; Fig. 3.24aii). A
clay-rich palaeosol is preserved along a small section of the discontinuity between the two
basal cross-bed sets, la and lb, in the base of the cliff (Fig. 3.23a). Both bed sets onlap
basalt here and on the northern side of the cove (Figs 3.22a, 3.23a, 3.24a). Bed sets la
and lb are heavily-cemented, with veins of calcite and small speleothems in and around
fractures in the cross-bedding and along the contact of the two units. In la three sets of
cross-bedding are evident, one with low-angle strata which could not be clearly defined as
aeolian or beach (the m e a n vector trend and standard angular deviation of the crossbedding dip azimuth measurements is 294° ±9°). These beds are overlain by two sets of

a)

[27

Figure 3.22: Aeolianite exposures at Middle Beach, site I. a) A wide-angle photograph of the N (rig
side) and part of the S sides of the cove at site I. Basalt (V) rises to the N, forming sea cliffs at H
Gates. Three dune bedsets (lc, le, If) are exposed in the N side of the cliff, the top unit extendin
across the volcanic hill to Neds Beach. Several dune beds are exposed in the head of the cove (lb - I
Remnant palm forest (Howea fosteriana) is visible in the background, b) The base of the exposure
shown in photograph a). The two sets of cross-beds (ii, iii) of bedset la are shown. Cross-bed lai
exposed behind the collapsed blocks, c) The headland on the S side of the cove at site 1. The headlan
is composed of a dune coset (le), 15 m thick, which rises to the W and connects with the bluff The
truncation surface at the base of this unit is marked by a dashed line.

128
K

<X> <Sj <u

**- -^ -c:

K-

•

-G

;s

. *"" <" -2 Q

: ot~P1 S*>
Sj
_> 4 -S
5
S .5U 5
"3 5 P ^
O C r T i •<- ^j
>«. *» *_ 5 jo
fi £. G S> Si

- i~ ^ <^> <o _ ,
So ofcG <u

-2 £ Si <v,^
""5
^

^j G

~* ~r

•O *sj .~* -> h,

a <-x^ -Si
^

4) r- <U -~

QQ •- -S ^ .<°-G
3* <*3 "<—.

M

*"S ^ <= 5 >
"^ "-<
>-> G
.. G ~-< ~-2 —^

<w
^ C* "^ -S y\

<-> ~ K- %-~ ^
* S « C?Q
<4> - = c> 12
«2 *"G o -fi
y.

« §
^ *
^ >G
^"^
-G ^ -G
G "g
-G
?" <4J

^

a S
c

"^

^

S S S-;
K toi

»! «o

^u

oo —N o *~

2

l

*° § •

.^ -2 ^
"a ~G ^) V ~G
oi
~G
C
G

2 §y §
>>- ~ G

^

»5

c-i

-^ G "S
"S O O ~G

G

2"?

•? "3 -Q" G
**- ~ v < N -^

s-=~-s *
^

Is.

^

*s.

_

lyj ^

O

41

^

T1

^> << to

°-! Si a "^ -g
' G G .tj to

SD-2
k.

-2 it -2

129

a)i
Site la
N side of cove

20
metres

UT«

2c - beds*t no.

p2 - palaeo*ol/proto*ol no,

palaeosol
dune cross-bedding
- onshore dip

' / » I rhlzollths/wcakly
developed protosol

|^

v

j placostylus

v | Roach Island

Tuff

Figure 3.24: Measured sections from the northern area of Middle Beach, sites 1 - 5. Dip
azimuth data for each bedset are diplayed in rose diagrams (no. of measurements in
brackets).
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moderate-angle cross strata, up to 3 m thick, bed sets laii and laiii (78° ±16° and 134° ±9°
respectively) typical of aeolian deposits. The cross-bed set lb consists of moderate-angle
foreset bedding (042° ±16°) up to 4 m thick, capped by a brown, clay-rich palaeosol (Figs
3.22b, 3.23a, 3.24aii).

At least two sets of dune foresets directly overlie palaeosol p2, revealed in a number o
small exposures in the cliff above the head of the cove, bed sets lc and Id (215° ±19° and
154° ±22°, Figs. 3.22a, 3.23a, 3.24aii). O n the south side of the cove, similar sets of beds
exposed in the lower 2 - 3 m of the headland underlie a set of thick dune foresets. Bed set
lc in the head of the cove also appears to match up with the lowermost set of cross beds
exposed in the northern side of the cove (Fig. 3.24a).

The headland on the southern side of the cove at site 1 consists predominantly of a thi
of cross-beds, up to 11 m thick, whichriseto the W S W (le, Figs 3.22c, 3.23a); features
typical of a climbing dune. The cross-bed set can be traced up into the bluff where it
comprises a major unit that forms the middle 8 - 20 m of the bluff, bed set le (253° ± 15°,
Fig. 3.24a). Troughed and planar cross-bedding with variable dip orientations in
exposures of the upper section of this dune unit in the head of the cove appear to record
blowouts in the dune (Fig. 3.24aii).

In the top 5 - 8 m of the bluff above the cove at site 1 there are several exposures of
cross-bedding and dune-crest bedding which represent the upper section of a fourth bed
set, 7/(220° ±11°, Fig. 3.24a). Apart from a grey-coloured rind, the grainstone forming
this aeolianite is distinctly white in contrast to the very pale-brown to yellow colour of the
underlying units.

At site 2, the next cove south, there are excellent exposures of the three lower sets of
foreset cross-beds. O n the northern side of this cove, in the lower 5 - 6 m of the headland
and bluff, two heavily-cemented sets of cross-bedding capped by clay-rich palaeosols are
evident, 2a and 2b (82° ±14° and 102° ±12°, Fig. 3.23b, Fig. 3.24b). Bed set 2arisesto
the west and the overlying brown palaeosol is very clay-rich and contains abundant bird
bones and basalt pebbles. A s this palaeosol grades d o w n below L A T the overlying set of
cross-beds, 2a, thickens. The palaeosol capping 2b is reddish brown and clay rich, a
typical terra rossa palaeosol. Fossils were not evident in the upper palaeosol which merges
with the lower palaeosol as bed set 2b thins to the north (p2, Fig. 3.23b). Bed set 2b
grades d o w n below L A T and is exposed in the raised platform on the southern side of cove
2 (Fig. 3.24bi).
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Cross-bed sets 2b and 2c have been truncated by wave erosion to form a raised shore
platform between sites 2 and 3 (Fig. 3.24b, c). Clay-pot pedogenic structures (up to 40 c m
deep) are evident in the raised shore platform where the lower palaeosol (pi) has been
stripped by wave erosion (Fig. 3.25b). These structures record a considerable period (tens
of thousands of years) of pedogenesis. Foreset bedding (bed 3a, 58° ±29°) exposed in this
platform dips steeply offshore (Fig. 3.24c) and exhibits slight curvature, suggesting a
curved dune structure.

Bed set 2d is exposed at either side of the cove, on the northern side above the palaeo
capping bed 2b, and on the south side overlying bed 2c - a thin foreset bed capped by a
terra rossa palaeosol (Fig. 3.25a). Bed set 2d is up to 5 m thick, and is mantled by a sandy
palaeosol with abundant rhizoliths (184° ±20°, Fig. 3.24b). In the base of these foresets
there is a thin (-70 c m ) massive bed, possibly deposited as a sand sheet. The crossbedding thins towards the head of the cove where it is erosively overlain by a similar bed
set, 2e (222° ±7°), well exposed on the southern side of the cove, above 10 m L A T (Fig.
3.24bii), and in patches on the northern side (Fig. 3.23b).

On the northern side of the cove at site 2a, above the palaeosols, bed sets 2d and 2e h
been covered by a thick (11 m ) set of cross-beds, 2/(243° ±23°). The lower bounding
surface of this bed set is well-exposed in the side of the headland and dips 5° to
approximately 070°, typical of a climbing dune (Fig. 3.23b). O n the southeast side of the
headland a large cave, open to the sea, has developed by waves undercutting the aeolianite
and subsequent collapse of the bedding above (debris litters the base of the cave), rather
than by solutional weathering (Fig. 3.25c). A fossilised tree trunk (possibly Ficus
macrophyta) is evident in the northern side of the headland, suggesting the dune migrated
over a forested surface (Fig. 3.25d). Although extensively exposed in the headland, in the
bluff above cove 2 only relatively small patches of cross-bedding are discernible between
approximately 12 - 22 m above L A T . At this elevation in the middle and on the southern
side of the cove there are thin (1 - 2 m ) troughed and planar beds with variable dip
orientations, bed set 2g (220° - 70°, mean vector trend 201° ±32°, Fig. 3.24bii), possibly
recording reactivation of the upper section of this large dune (part of bed set 2f). This
outcrop is akin to exposures of similar beds at this elevation in the bluff at site 1.

Dune crest and foreset cross-bedding are exposed in the top 5 - 8 m of bluff and repres
the upper section of a fourth set of dune beds, 2h (232° ±8°, Fig. 3.24b). A s at site 1, this
aeolianite is white in contrast to the very pale brown beds below.

To the south at sites 3 and 4, there are extensive exposures of bed sets 3a and 4a in t
raised platform and in the base of the cliffs (Fig. 3.26a - c). At site 3, foreset bedding dips
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steeply seawards in contrast to the overlying landward dipping strata (Fig. 3.26a). Bed set
4a/3a comprises moderate to low-angle undulating and planar cross-bedding (114° ±50°),
with exposures of what appears to be topset (low-angle) and foreset (moderate-angle)
beds. T w o sets of cross-beds are exposed in cliffs above 3a and 4a, in the lower 8 - 12 m
of the bluff. M e a n vectors trend between 274° - 254° except for bed set 3c, with
multimodal measurements for a number of troughed and planar beds, reflecting minor
reactivations of the dune (Figs 3.24c,d; 3.26b,c). In the bluff above these outcrops,
between approximately 12 - 25 m above L A T , little bedding is exposed. However, in the
top 8 - 10 m of bluff, cross-bed sets 3d and 4d crop out (214° ±8° and 201° ±4°
respectively). D u n e crest bedding evident in the top of the bluff at site 4 (Fig. 3.26d)
appears to indicate preservation of the primary depositonal morphology of this dune unit.

The bottom set of cross-bedding at sites 3 and 4 can be traced south to site 5, into a
of raised platform comprising low-angle bedding with quite variable dip orientations, bed
set 5a (112° ±34°, Figs 3.24e, 3.26c), probably representing the upper section of the
dune. Bed set 5a is overlain by a thick (over 1 m in patches) clay-rich palaeosol (Fig.
3.27a,b). Numerous Placostylus are preserved in a section of heavily-cemented palaeosol
at site 5. T w o sets of dune cross-bedding crop out above the palaeosol, 5b and 5c (190°
±14° and 282° ±12° respectively). A protosol overlies 5b and both bed sets contain
rhizoliths, solution tubes and slumped foreset bedding. Very little bedding is exposed
between this outcrop and the upper 8 m of bluff, where patches of foresets and dune crest
bedding crop out, bed set 5e (215° ±10°; Fig. 3.24e). This aeolianite is white-coloured in
contrast to the underlying very pale brown exposures. South of site 5, the upper bounding
surface of bed set 5a drops below the shoreline.
3.7.2 Measured sections in the central area, sites 6-10
From site 6 south to site 10, the shoreline adopts a more regular morphology: between
approximately M S L and the strandline, the intertidal shore platform ramps up into a narrow
beach of coral rubble and patches of sand (Fig. 3.26c). Bedding is exposed in cliffs in the
base of the bluff with outcrops up to 5 m thick. Bedding is also exposed in the landward
margin of the shore platform and in aeolianite remnants on the platform at sites 6 and 9
(Fig. 3.27d).

In discontinuous exposures in the lower 10 - 15 m of bluff, two sets of cross-bedding c
be traced south from site 6 to site 10. Reworking of the lower bed set is recorded in a 10 m
section of troughed and planar cross-beds (dip to 350°) at site 6 (6b, primary bedding dips
towards 210°, Fig. 3.28a). In general, dip azimuth measurements of this cross-bedding is
characterised by a mean vector trend between 164° - 241°, except for bed set 6c (117°
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Figure 3.28: Measured sections at Middle Beach, central area, sites 6 - 10 and northern area,
sites 11 - 13. Dip azimuth data are displayed in rose diagrams (no. of measurements in
brackets).
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±11°). Rhizoliths are c o m m o n in these outcrops and a weakly-developed protosol overlies
both bed sets, recording a brief hiatus between phases of dune accretion (Fig. 3.28a - e).
Along this section of bluff, above these sets of cross-beds, only small disjunct bedding
exposures are discernible. However, at site 6, a relatively thick (~1 m ) but weaklydeveloped sandy protosol, containing scattered bird bones, crops out at approximately 2 0 m
above L A T , indicating at least two dune units in this section of bluff (Fig. 3.28a).
In the upper 10 m of bluff between sites 6 and 8, foreset and dune crest bedding has a
consistent dip azimuth: mean vector trends of 204° ±9°, 211° ±24° and 213° ±22° for beds
6d, 7c and 8c respectively (Fig. 3.28a-c). This indicates deposition of these bed sets in a
linear dune ridge.

An older set of foresets crops out in the base of the bluff at site 8, 8a (044° ±7°, Fi
3.27c, Fig. 3.28c). The foresets are at least 2 m thick and overlie a brown, clay-rich
palaeosol containing bird bones. The foresets are heavily-cemented and well-indurated,
yellowish brown and darker brown towards the top, suggesting pedogenic discolouration.
The bed set appears to be part of the same set of bedding exposed in the base of the bluff at
site 5 (t>ed set 5a). Bed set 8a has been overridden by the foresets which outcrop both in
the shore platform seaward of the older unit and in the bluff above (8b, Fig. 3.29a),
indicating the older dune (8a) was covered by a later phase of dune mobility under
northeasterly winds (Fig. 3.28c).

At site 9, at least three sets of dune bedding are exposed in the shore platform and cl
(Fig. 3.27c). Steeply-dipping foresets in the two lower bed sets have similar orientations
(210° ±8°, 9a; 215° ±7°, 9b, Fig. 3.28d). In the lower 1.5 m of exposure, rhizoliths are
abundant, indicating subaerial exposure. A thicker protosol containing bird bones and
rhizoliths overlies bed set 9b. Above this protosol at least two sets of dune cross-bedding
are evident, but above these exposures (>22 m L A T ) no bedding was found (Fig. 3.28d).
Bed sets 9a and 9b can be traced along the shoreline to site 10.

Foreset bedding in the second set of cross-beds at site 10 (10b, Fig. 3.28e) has a mean
vector trend to 164° ±15°, which indicates a shift in orientation eastwards compared to the
outcrop of this bedding at site 9 (bed set 9b, 215° ±7°), suggesting curvature in the dune
face. Bed sets 10a and 10b are capped by very weakly-developed protosols (Fig. 3.28e).
Bed set 10b rises towards the south and at approximately 13 m , foresets overlie topset
bedding, revealing a well-preserved dune form. Foreset bedding in 10b exhibits numerous
massive and brecciated slumps and high-angle asymmetric folds, structures which reflect a
humid depositional environment (Fig. 3.29d; M c K e e and Ward, 1983). A hiatus in dune
accretion is recorded by rhizoliths and solution pipes, visible in several places (Fig. 3.29c,

138
" — V w — v cy *•»

*° —: r- O

a 22§ s
to ••-» s —

Cj

a
a *»>"«
N G< ov

G ^ s ^S fi
Ci,«oG

Q a

•** **^
«*x8 *O-> "GG
•S C •— _
,, k. N *l

Ci

C fi

"X ^

G"S G ^ *"*
<y Ci

°s5P O

to

G "*• "^ - rC

<y

G £ fi t> **"

Us^-S a ^ S
*•*> G

O

v.

^

^fi «CS
*u t. G .
"s
C Jcs. G^ ?•
^ 0<y
G *.<y

Ic

^)'
c "*> -

< *K -Q

C . CJ ^
C, tu Oo g ty
«*" to o, G to
cu CJ, O —- cu
to ""t-G ^ -O

•2Tr* G*s>-5s O tu
"

L~

•»-,

K~5

^
i

rf "-?

G s-» *-. Tr*
G C g tu Jo
SL,r \ CS to to

.G

--«?-<, C ty CJ-sQ £ fi-E
^>

^

CN

tj

• ^ tu Co
ty
I,JJ»

t- G
-N
_ *****

^

^ £ fc

-sffi^
J*
P3

^
" S rfi
'
CJ **i
**w" "^
••* G
^
" »^
5? C
NO_SN5?
G
^J ».

**;
—
~

Is

-•* t>0

°°" tu tf .5 a
to G <N -G «vo §J
'r:^ ty* sVy toKPs G •*"-> O C c i»
^

c^*? *- fc a 5S

rs
•G <4J
"U1 "~G* S.• >
-

• <

ty

O

G
ty

ON*^ - g ^ X )G
•I6
G
tu 3 ""* ^2
"CS 60
£«• O C

G
S

to
OG

3s~, C «,
.ao"§
§ « t a,
:~ G -G cG cu jy
*-«-, G G f~«< =o "G
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3.39d). B e d set 10c (143° ±9°) overlies 10b in outcrop at approximately 14 m above L A T ,
the uppermost exposure evident at this site.

Along this section of coast, cross-bedding is discernible in the ramped section of shore
platform immediately seaward of the strandline. Foreset cross-strata which dip to the S W
can be traced continuously for up to 200 m along the shoreline (bed set 10al9al8bl7al6a;
Fig. 3.28; a platform exposure is shown in Fig. 3.29b). Over this distance, strata are
mostiy planar with only a slight curvature towards the northwest. This outcrop shows the
shore platform has been cut from aeolianite that was deposited as a transverse dune during
a period of lower sea-level. Bedding exposed in aeolianite remnants on the shore platform
at site 9 (up to 4 m high) provide cross-sectional views of topset bedding (Fig. 3.27d) and
appear to match up with similar bedding, overlying foresets, in the cliff behind the
platform, at an elevation of 9 -10 m above L A T . This suggests the dunes rose towards the
shoreline (also seen at sites 4 and 2) and the base of the dunes (foreset bedding) m a y be
several metres below the surface of the shore platform.

Site 10 marks the southern edge of this broad intertidal shore platform where the outli
the coast changes with a marked indentation in the shoreline (Fig. 3.21). Between sites 10
and 11 this indentation provides a cross-sectional view of the two lower sets of dune
cross-beds, 10a and 10b, revealing a ridge-swale morphology. T h e dune bed sets are
capped by sandy protosols, the protosol overlying 10b thickening towards the swale at site
11 (Fig. 3.28f, Fig. 3.30a).
3.7.3 Measured sections in the southern area, sites 11-19
At site 11, the shoreline becomes slightly embayed, reflecting the more readily-erodable
character of the bluff between site 11 and the volcanic shoreline south of site 18 (Fig.
3.30b). In this section of coast, there are good exposures of the two lithologically-distinct
dune successions, stratigraphically above the basal, heavily-cemented, palaeosol-capped
aeolianite. Aeolianite in the top succession displays subtle but consistent colour differences
compared to the units stratigraphically below these units (Fig. 3.30b, c ) .

South from site 11, the broad, horizontal, intertidal shore platform is replaced by narr
sections of platform and a sandy beach, while behind the beach the bluff becomes
dominated by cliffs (Fig. 3.30). Site 11 also marks the end of the two cross-bedded units
that were traceable along the shoreline from site 5 (bed sets 10a, 10b; Fig. 3.28f). These
bed sets are stratigraphically below outcrop south of site 11. At and south of site 11 most
foreset bedding has a more southeasterly dip orientation compared to the west to southerly
orientations of the thick, very pale brown dune units to the north (Figs 3.24 and 28).
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a)

b)

c)

Figure 3.30: Middle Beach, sites 10, 11 and 12. a) Outcrops between site 10 and 11, Middle Bea
showing the thickening of the protosol (pr) above bedset 10b/l la as the foresets thin, indicating
ridge (R) and swale (sw) morphology. The swale is overlain by bedset 1 lc. b) A view of the emba
shoreline south of site 10, where cliffs become more prominent. Aeolianite in these exposures (
distinctively white compared to the darker exposures to the N (L). c) Site 12: outcrop of the lowe
upper aeolianite successions. Where the grey rind is absent, aeolianite in the lower succession
pale brown - very pale brown while aeolianite in the upper (V) succession is white.
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T w o protosols in the base of the bluff at site 11 appear to represent a preserved swale.
They are separated by a thin set of cross-beds, lib (321° ±7°, Fig. 3.28f). These crossbeds appear to represent a minor infill of the swale, while the second protosol probably
records the return to a swale environment. The upper protosol (pr2, Fig. 3.30a) contains
fossil bird bones and Placostylus. These deposits suggest a swale or back-dune
environment was in place for a significant period of time, indicating foreset bedding above
the upper, weak protosol records a significantly later phase of dune building (Fig. 3.30a).

Cross-bed set lie (125° ±8°, up to 8 m thick) is visible in cliffs directly above these
protosols but bedding exposures were absent in the bluff above. Bed set lie can be traced
to site 12 where it is exposed in a 5 - 6 m cliff at the base of the bluff, bed set 12a (Fig.
3.28g). A small exposure of foreset bedding above 12b, which dips to 240°, is the only
outcrop between 8 -17 m above L A T . However, above 17 m a thick coset (8 -10 m ) , 12c,
crops out in a section of cliff. Cross-bed sets 72a and 72c are part of a distinct, higher
succession, evident along the northern end of Middle Beach. The contrast in colour of
these aeolianites reflects greater pedogenesis and diagenesis in the lower, very pale brown
bed set, 72a (10YR 7/4), and, significantly, an apparent lack of dark volcanic grains in the
upper white-coloured outcrop, 72c (10YR 8/1; Fig. 3.30c).

At site 13, three sets of cross-beds are revealed in cliffed outcrop, rising 18 m abov
beach (Fig. 3.31a). Bed sets 75a, b, c, are composed of very pale brown aeolianite, with
mean vector trends to 110° ±13°, 137° ±23°, 144° ±13° respectively (Fig. 3.28h).
Rhizolithic matting in the upper sections of the two lower bed sets indicates short periods
of subaerial exposure, possibly as short as the recurrence interval of major storms, as
suggested for similar units on Bermuda (Vacher et al, 1995). Between site 13 and 14, the
two lower beds thin to the south and appear to grade into planar horizontal bedding evident
in the lower 2 m of cliff, bed set 74a (Fig. 3.31a). This bedding exhibits considerable
pedogenic alteration, with, in places, a dense rhizolithic mat, sections of massive bedding,
an increase in fines, generally a yellow colour and scattered fossil bird bones (identified as
several species of sea birds, van Tets and Fullagar, 1977) and Placostylus.

At site 14, in the upper 50 cm of this bed set (14a) there is a yellowish brown clay-ri
lens, recording the minor accumulation of fines, probably in a small s w a m p (Fig. 3.31b).
This unit can be traced along the base of the cliff to site 17 and appears typical of a dune
swale deposit (Table 3.3). At site 14, the swale (bed 14a) is overlain by a thick (10 m ) set
of white foresets, 14b; a continuation of bed set 13c (Figs 3.31a, 3.32a), forming part of
the upper succession of aeolianite.
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Figure JJ;.- Middle Beach, sites 13, 14 and 15. a) Aeolianite exposures at site 13 and 14. Beds 1
and 13b (the lower succession) thin to the S into a swale unit (14a). Bedsets 13a, 13b and 14a a
overlain by the thick white foresets (14b, the upper succession) which rises and thin northward
12. b) A clay-rich lens (c) in the top of the swale bed (14a) at site 14, below bed 14b. c) 20 in
15; the weak protosol (pr) which caps bedset 15a here overlies the darker swale bed (sw).
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A weak protosol horizon (no pedogenic colouration but massive bedding and numerous
bird bones) in the top of bed set 14b /15a separates it from a second thick set of aeolian
foreset cross bedding, 14c/15b (Fig. 3.33a). This protosol horizon follows the crosssectional outline of the lee side of the dune (bed set 14b/15a) and at site 15 merges with the
darker swale beds (Fig. 3.31c) which thicken to the south.

Between site 15 and site 17, above the swale unit, the cliff consists of one very large
foreset beds, up to 23 m thick, bed sets 15b, 16a, 17b, with m e a n vector trends to 137°
±7°, 140° ±9° 136° ±7° respectively (Figs 3.32b-d, 3.33a-c). The swale unit appears to
comprise at least two weak pedogenic horizons and at site 17 overlies another set of
foresets, 77a (012° ±16°) which onlaps basalt (Fig. 3.32d).

At site 18, approximately 60 m south of site 17, the same succession evident at site 17
exposed higher up in a large slump in the grass-covered bluff (Fig. 3.33d): a set of friable,
very pale brown foreset cross-beds (18a, 002° ±10°), is capped by a well-developed
protosol and a set of white foreset cross-beds which are moderately-cemented (18b, 172°
±6°; Fig. 3.32e).

Further south, North Ridge Basalt rises from the shoreline towards the southeast to for
theridgek n o w n as The Clear Place, the northern flank of Transit Hill. Although m u c h of
the northeastern side of theridgeis mantled by aeolianite to an elevation of approximately
45 m , little in situ bedding is exposed due to the dense forest cover, slumping, and
extensive fracturing of beds by the roots of large banyan trees (Ficus macrophylla subsp.
columnaris) and palms. Fortunately, a gully in the aeolianite at site 19 (Fig. 3.32f), in The
Valley of the Shadows, 300 m southwest of site 18, reveals a similar succession: friable,
pale brown foresets below the protosol, bed set 79a (243° ±13°), and moderatelycemented, white foresets above, 19b (183° ±13°). At site 19, the lower set of cross beds
exhibit an apparent shift in orientation towards the southwest, possibly due to the
underlying steep basalt topography. Exposures in these sections show the protosol follows
the surface of the lower dune unit (bed sets 77a, 75a, 79a) as itrisesand thickens to the
south, while the upper dune unit thins (bed sets 76a, 17b, 18b, 19b; Fig. 3.32c-f).
3.7.4 Stratigraphic interpretations of the Middle Beach outcrops
The descriptions presented above of the bedding exposures examined at each measured
section indicate there are several major cross-bedded units discernible in outcrops along the
Middle Beach shoreline. Stratigraphic columns in Figure 3.34 summarise the stratigraphy
of each measured section (thickness and depositional facies of each unit) and indicate links
between the beds examined in adjacent sections. This figure displays the well-mapped
outcrops along the lower third of m u c h of the bluff, the lack of outcrops above the
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shoreline cliffs between sites 6 - 1 1 , and the other well-mapped outcrops at the northern
end of the bluff, at sites 12-19.

An overview of the extent of outcrop between Hells Gates in the north and The Valley of
the Shadows in the south is provided by a long-section diagram (Fig. 3.35, location of the
section is shown in Fig. 3.21). This figure indicates the approximate areal exposure of
bedding and more clearly represents the two dimensional form of the cross-bedded units.
The lateral and stacked succession of cross-bedded units in the lower part of the northern
area (sites 1 - 5 ) and the stacking of units above and to the south (sites 6 - 19) of this
outcrop are also displayed. D u n e units are delineated by major erosional discontinuities,
palaeosols and protosols (mbl - mblO, Fig. 3.35).

Typical dune structures are evident, including sets of cross-beds which pinch out, the
associated welding of palaeosols (sites 1 - 4 ; sites 12 - 16), and numerous reactivations,
especially in the northern outcrop (sites 1 - 6), evident as localised troughs and bundles of
thin cross-beds with variably aligned foreset bedding (Fig. 3.35).
The cross-bedded units form two major distinct groups, an upper and lower succession,
similar to Neds Beach. The form and extent of each group is described below. Dip azimuth
measurements of foreset bedding within each dune unit are also examined to provide
insights into the effective wind regimes and the form of the dunes that were emplaced. The
general stratigraphy of Middle Beach, and rose diagrams of the vector data for each major
dune unit, are presented in Figure 3.36. The distribution of m e a n dip azimuth vectors of
these cross-bedded units are depicted in Figure 3.37.
The lower succession of aeolianite at Middle Beach
Beds examined in the lower 4 - 6 m of cliff and in shore platforms between sites 1 and 5,
cross-bedded units mbl - mb4 (Fig. 3.35), are characterised by their heavy cementation,
clay-rich, brown or terra rossa palaeosols and the thinning of units to the north. Unit mbl
onlaps basalt (Roach Island Tuff) and forms the base of a partly lateral succession between
site 1 in the north and site 4 to the south, with a younger unit exposed in the base of the
cliff at each site.
Truncated foreset bedding in the raised shore platform at site 3 exhibits downwind
curvature, suggesting a non-linear form in unit mb2. However, this was the only extensive
exposure of bedding in these units and the mean vectors of foreset bedding in units mb2 mb4 are relatively consistent, ranging between 67° - 102°, reflecting dominantly westerly
winds (Table 3.5, Fig. 3.36). The low-angle bedding within mbl has variable dip
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azimuths (7a, lb, lc, Fig. 3.37). All these cross-bedded units appear to extend below
L A T , recording dune emplacement when sea level was lower than present.

Table 3.5: Vector data and descriptive statistics for cross-bedding dip azimuth
measurements within each dune unit at Middle Beach
unit

N

6
6
3
15
mb2
8
12
mb3
mb4
32
mb5
100
mb6
45
mb7
12
mb8
46
mb9
49
mblOa
43
nib 10b
32
mblOc
12
mblO(a,b,c) 87

mbla
mblb
mblc
mbl(a,b,c)

mean
vector

angular
deviation

294
134
78
124
67
102
75
225
181
350
239
132
215
144
142
178

9
9
16
115
24
12
44
43
53
28
51
29
15
10
8
39

r

R

L

z

F(d.f.)

98.766
5.926
322.56 (5)V
0.9875
5.926
98.766
5.85
322.43 (5)V
0.9875
5.926
2.78
105.58 (2)V
0.9625
2.888
96.283
13.44
0.27
0.134
2.016
1.99(14)
6.665
91.306
0.913
7.305
43.965(7W
11.485
182.555 (11)V
97.833
0.978
11.740
0.741
17.585
74.129
23.722
13.35 (31)V
75.396
56.845
0.754
75.396
14.15 (99)V
64.894
18.950
9.24 (44)V
0.648
29.203
0.884
88.416
9.380
32.475 (11 )V
10.160
31.184
67.790
21.135
0.678
10.28 (45)V
37.735
30.61 (48 )V
43.002
87.759
0.8775
96.641
40.16
0.966
117.055 (42*W
41.556
98.496
31.045
0.985
31.045
263.94 (31)V
11.755
389.915 (11)V
98.979
0.990
11.755
78.941
54.215
0.789
16.9 (86)V
68.679
N: number of observations; r: mean vector length; R: magnitude of the resultant vector; L: magnitude % of
the resultant vector, z: Rayleigh test of randomness (samples with N > 6 are nonrandom if z>4.085 (p=l%),
z>2.857 (p=5%)); F: test of uniform distribution, V = non uniform distribution (p=5%).

The upper succession of aeolianite at Middle Beach
Above the lower succession, at least four dune cross-bedded units were identified. The
most extensive exposures of these units are between sites 1 and 6, where sets of crossbeds crop out in a stacked succession, bounded by weakly-developed protosols. Above 10
m L A T , few outcrops were found in the central area of the bluff, between sites 7 -11. In
the southern area, between sites 12 and 17, extensive bedding exposures provide a good
indication of the sedimentary architecture of the upper aeolianite succession (Fig. 3.35).

Cross-bedding exposures in the upper succession between site 1 and site 10 indicate t
dune units mb5, mb6, mb8 and mblO form sub-parallel layers within the aeolianite and
were predominantly emplaced by onshore winds (Fig. 3.35). This suggests these
exposures of the dune complex are approximately normal to the dune crest. This
interpretation is supported by the lateral extent and linear form of unit mb5 (Fig. 3.35) and
the dune-crest bedding evident in outcrops of unit mblOa

(e.g. Fig. 3.26d). Shoreline

outcrops of unit mb5 indicate the lower dune units were emplaced during a period when
sea level was at least several metres lower than present.
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Figure 3.36: The stratigraphy of aeolianite at Middle Beach. The approximate thickness
of each cross-bedded unit is indicated. Dip azimuth data of each unit are presented in
rose diagrams and the allostratigraphic units identified are also indicated.
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M e a n vectors of foreset bedding dip azimuths in these units trend to the S - S W (mb5: 225°
±43°; mb6: 181° ±53°; mb8: 239° ±51°; mblOa: 215° ±15°; Figs 3.36, 3.37). Variability in
these data is partly due to reactivations of mb5, mb6 and mb8 at site 3 and mb5 at site 6,
recorded in relatively thin, troughed and planar cross-beds with dip azimuths towards N W
- N (Figs 3.35, 3.36).

N mb7

"<Pmb4

mb3

'rCb9

mb

V-Omblb
mblOc
mblOb

c9 .

mb5

VJ
mblOa

0

VJ
mbo

Figure 3.37: The hemispherical distribution of mean vectors for the dune units at Middle
Beach Small circles represent the mean vector trends of each cross-bedded unit, plotted in
20° arc segments.

South of site 10, and especially between site 10 and site 12, the steep angles of the
discontinuities bounding the cross-bedded units indicate the exposures reveal a crosssectional view of the dune complex (Fig. 3.35). A swale is evident in two sections of
outcrop in the base of the cliff between sites 12 and 17. D u n e units exposed here likely
extends to the north, into the upper two thirds of the bluff, and m a y crop out as the units
mapped in the middle of the bluff between sites 1 and 10 (mb6 and mb8). However, due to
the relatively large central area in which few outcrops were mapped, cross-bedding in the
southern exposures is grouped into separate units: mb7, mb9, and mblOb, c (Fig. 3.35).
Outcrops of unit mb9 can also be traced below present sea-level.
At site 11, unit mb7 is a relatively thin dune unit with a northerly mean vector (350°
probably deposited as a minor infill of the dune swale evident between sites 11 and 12.
This unit appears to match up with the lower dune unit which crops out at the far southern
end of Middle Beach (sites 17 and 18) and further south in The Valley of the Shadows (site
19). At site 17, mb7 overlies basalt, thickens towards the south and, similar to outcrops at
sites 11 and 12, records deposition under southerly wind (Figs 3.35, 3.36).
Between sites 12 and 14, directly above and to the south of unit mb7, two foreset crossbeds with similar dip-azimuth orientations are separated by a very weak protosol.
Therefore, both beds were grouped into the same cross-bedded unit, mb9. This unit m a y
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correlate with cross-bed units mb6 and mb8 in the northern area of outcrop. However,
there are insufficient exposures of bedding north of site 12 to permit confident matching of
the outcrops. The m e a n vector for mb9, 132° ±29°, shows a more easterly trend compared
to mb6 and mb8 (181° ±53° and 239° ±51°; Figs 3.36, 3.37).

Further south, at sites 14 - 17, two sets of thick foreset cross-bedding (-23 m thick)
separated by a weakly developed protosol are part of dune unit mblO (Fig. 3.35). This unit
appears to have infilled a swale in which a thick, fossiliferous protosol had developed.
Tracing these beds up and along the cliff and bluff to the north shows that they thin as they
rise over the lower units (Fig. 3.35) and m a y continue northwards, merging into unit
mblOa in the top of the bluff in the central and northern areas. Again, due to the lack of
outcrop between sites 11 and 8, this relationship cannot be clearly mapped. Vector trends
for mblO in the south, 144° ±10° (mblOb ) and 142° ±8° (mb70c), contrast with the more
easterly trend of this unit in the north, 215° ±15° (mblOa; Figs 3.36, 3.37).

Both units mblOc, mb7 and the intervening dark, fossiliferous protosol, are exposed in a
slump (site 18) and extensive gully (site 19) to the south of site 17. These cross-bedded
units and protosol have a considerable lateral extent and reveal unit mblO thins while mb7
thickens to the south (Fig. 3.35).
3.7.5 Lithostratigraphic classification of aeolianite at Middle Beach
The lithology of aeolianite outcrops in the Middle Beach cliffs can be divided into three
distinct types. In the lower 3 - 5 m of the northern sites, dune units mbl

- 4 are

distinguished by their heavy cementation and clay-rich palaeosol cappings. A s these units
are lithologically similar to the lower succession between Neds Beach and Searles Point,
they are classified as part of the Searles Point Formation.
The dune units stacked above the terra rossa palaeosols are considerably less wellcemented. Also, they are bounded by sandy protosols, indicating relatively short periods
between subsequent phases of dune accretion. Cumulative meteoric diagenesis in these
very pale-brown to white grainstones has resulted in mostly very light to moderate
cementation, some solution tubes (though not related to terra rossa type palaeosols) and
rhizoliths. The top dune unit can be traced between Neds Beach and Middle Beach (mblO nell) and at both locations the base of the succession overlies the heavily-cemented
yellowish-brown dune units and terra rossa palaeosols of the Searles Point Formation.
Therefore, cross-bedded units mb5, mb6 and mb8 in the northern and central areas and
units mb9 and mb7 in southern area of Middle Beach appear stratigraphically comparable
with the beach and overlying dune units at Neds Beach (ne9, nelO, possibly also ne8, as
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discussed in section 3.6.3). Therefore, this upper succession at Middle Beach is also
classified as part of the Neds Beach Formation (Fig. 3.36).

At the southern end of Middle Beach, large foresets (unit mbl Ob, c) rapidly infilled a
dune area behind dune ridges of the Neds Beach Formation. This occurred in two phases,
the hiatus indicated by a weak protosol. This unit also crops out in the top of the cliff at the
northern end of Middle Beach (mblOa) and can be traced across the volcanics at Hells
Gates into the top of the aeolianite cliff at Neds Beach. Outcrops of this unit at Neds Beach
and Middle Beach are lithologically very similar, both being weakly to moderatelycemented grainstones with a distinct white colour, lacking darker volcanic grains and any
discernible pedogenic discolouration. At both locations this dune unit overlies a thick
fossiliferous protosol. The unit exhibits considerable lithological contrast with the dune
units stratigraphically below the protosol at Middle Beach, while at Neds Beach the
difference is more subtle. Based on these stratigraphic and lithologic criteria, the top dune
unit at both locations is considered a m e m b e r of the Neds Beach Formation, called the
Middle Beach M e m b e r due to extensive outcrops of these beds at the southern end of
Middle Beach. The protosol underlying these beds appears to represent the same hiatus at
both Middle Beach and Neds Beach and is given informal status as the Middle Beach
protosol, so n a m e d due to several extensive, accessible exposures of the protosol at the
southern end of Middle Beach (Fig. 3.36).

A type section and one supplementary reference section at Middle Beach are proposed for
these formations. The type section is at the northern end of the Middle Beach coast, at sites
1 and 2, where the Searles Point Formation (onlapping basalt), the Neds Beach Formation
and the Middle Beach M e m b e r are exposed in superposition (Fig. 3.23). The reference
section is located at the southern end of Middle Beach, between sites 11 and 15, where the
Neds Beach Formation, Middle Beach protosol and overlying Middle Beach M e m b e r are
extensively exposed (Figs 3.31a).

3.7.6 Allostratigraphy and morphostratigraphic features: Middle Beach
Each cross-bedded unit in the lower succession at the northern end of Middle Beach is
capped by a clay-rich palaeosol. The terra rossa palaeosols (p2 at site 1; pi & p2 at site 2,
pi at sites 3, 4, 5; Fig. 3.24), most probably represent several tens of thousands of years
of subaerial exposure. The brown palaeosol at site 2 (pi site 2b, Fig. 3.24bii) includes
colluvial sediment (basalt pebbles) and is similar to palaeosol p2 at sites 7, 8 and 9 at Neds
Beach (Fig. 3.9g, h, i). D u e to its colluvial component, this soil m a y represent a shorter
period of subaerial exposure than the terra rossa palaeosols. However, at both locations it
forms part of an intense weathering profile in the aeolianite, therefore, it also records a
significant period of subaerial exposure.
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The units were mapped over a considerable lateral extent and m a y be classified as informal
allostratigraphic units ( N A C S N , 1983), called M l - M 4 ( M = Middle Beach, Fig. 3.36).
The geometry of this succession (beds thicken to the east) and the vector data show that
during these phases of dune building, sediment was deposited predominantly under
westerly winds, being emplaced around and east (seaward) of the basalt exposed at site 1.
A number of dune units overlie the lower allostratigraphic units and are bound by
protosols. In the southern and central areas of outcrop, these weakly-developed soil
horizons mostly consist of rhizoliths within dune topset bedding. Solution tubes (up to 150
m m diameter) can be seen to extend into the cross-beds from the overlying protosols, but
probably relate more to former roots systems rather than dissolution during intense
pedogenesis as seen in the basal units.
A protosol at approximately 20 m above LAT at site 6 (Fig. 3.28a), above unit mb8,
suggests there was a significant hiatus between emplacement of the lower units, mb5 mb9, and the top dune unit, mblO. This type of succession is in evidence at the southern
end of Middle Beach, where unit mb7 is separated from unit mblO by a well-developed
protosol. Therefore, two allostratigraphic units are proposed for the upper succession at
Middle Beach, M 5 , comprising cross-bedded units mb5, 6, 7, 8 and 9, and M 6 , unit mblO
(Fig. 3.36; a comparison of the lithostratigraphic and allostratigrapic units is presented in
Fig. 3.38).
As described above, dune units mb5, 6 and 8 record the emplacement of pulses of
sediment over, and south of, the lower succession, by wind from the north - northeast,
probably forming successive layers in a relatively linear, transverse dune. If unit mb9, in
the southern area, is the equivalent of unit mb6 or mb8 or both, then the southern end of
the dune must have been curved as bedding in unit mb9 dips towards the southeast (Fig.
3.36). Unit mblO reveals a similar trend, with bedding in the northern and central areas of
outcrop (mblOa) emplaced by northeasterly wind, while the thick beds in the south were
apparently laid d o w n by northwesterly winds (Fig. 3.36). The mean vector trends suggest
that during both of the later phases in which thick dune units were emplaced (represented
by allostratigraphic units M 5 and M 6 ) , sand was piled up in a largely elongateridgein the
northern and central areas, while in the south there was a marked curvature of the dune,
with the strike of foreset bedding shifting from a northwest-southeast alignment to
northeast-southwest in the south. The presence of the volcanic hill at The Clear Place may
have induced this change in alignment of the cross-bedding, with sediment accumulating
along the northern foot of the hill.
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3.7.7 Stratigraphic links between Middle Beach and N e d s Beach
Cross-bedded units in the lower successions (Searles Point Formation) at both locations
constitute several allostratigraphic units which record significant, short periods of dune
accretion followed by far longer periods of pedogenesis. The number of allostratigraphic
units varies between the locations (Middle Beach: M l - M 4 ; Neds Beach: N l - N7), which
may be explained by the geometry of the outcrops. Both stacked and lateral successions are
evident in which dune units pinch out and palaeosols merge. The sets of cross-bedding
exposed are relatively thin, < 4 m , and most can be seen to extend below present sea level.
The more extensive basalt exposures along the base of the cliff at Neds Beach suggest this
more extensive bedrock highground has formed a locus for emplacement of the lower
succession. However, dune sedimentation does not necessarily form laterally continuous
layers - differences in the stratigraphies of the two locations are probably a result of the
varied spatial arrangement of successive dune deposits.
The thick dune units overlying the lower successions at Neds Beach and Middle Beach
(Neds Beach Formation) comprise two allostratigraphic units at both locations. At Middle
Beach, up to five dune units (mb5 - mblO) overlie the lower succession. The lower four
units (mb5 - mb9) were mapped as one allostratigraphic unit, M 5 , as discontinuities are
marked by only weak protosols in which bedding is often preserved. The top dune unit
(mblO) forms another allostratigraphic unit as it overlies a well-developed protosol, the
Middle Beach protosol, in the southern area (sites 14 - 17), and a significant protosol that
may represent the Middle Beach protosol in the central area (site 6). At Neds Beach the
beach unit (ne9) and overlying thick dune unit (nelO) likewise form one allostratigraphic
unit, N 8 . The top dune unit at Neds Beach (nell), above the Middle Beach protosol,
represents another allostratigraphic unit, N 9 . At both Neds Beach and Middle Beach the
top allostratigraphic units are considered part of the Middle Beach M e m b e r of the Neds
Beach Formation (Fig. 3.38).
The proposed lithostratigraphy for this area of the east coast, from Neds Beach to the
Valley of Shadows (Fig. 3.38a), indicates that these units have mostly accreted around the
formerly exposed volcanic hill at Hells Gates. The allostratigraphy for this section of coast
- the matching of units between locations based on their stratigraphic position, bounding
discontinuities and lithology - comprises up to seven allostratigraphic units in the lower
succession at Neds Beach, N M 1 - 7 ( N M = Neds Beach - Middle Beach) and four in the
same succession at Middle Beach, N M 1 - 4 (Fig. 3.38b). Possibly, the palaeosol at both
locations that contains basalt pebbles and fossil bird bones, that formed on dune units ne2
and mb2, m a y be coeval, linking the early phases of carbonate sedimentation at both
locations. T h e upper succession at Neds Beach and Middle Beach comprises two
allostratigraphic units, N M 8 and N M 9 , reflecting two later phases of dune building, with
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the initial deposition of a beach unit at Neds Beach, along the coast, during which the
majority of the aeolianiteridgewas emplaced (Fig. 3.38b).
3.7.8 The stratigraphy of aeolianite at Neds Beach and Middle Beach: a
summary
Mapping bedding exposures along the aeolianite bluffs, cliffs and shore platforms have
provided the following insights into the stratigraphy of this aeolianite coastline:
1) Unlike Neds Beach, no beach facies could be identified in exposures along the
Middle Beach. However, the top dune unit at Neds Beach also crops out in the top of the
bluff at Middle Beach, providing a link between the two successions.

2) Two major successions were mapped at both Neds Beach and Middle Beach. The lowe
succession at both locations comprises a complex of both laterally and vertically stacked
dune units (7 or 8 units at Neds Beach and 4 at Middle Beach). These units are
characterised by their heavy cementation, subsurface karst features, their low elevation (<
8 m L A T ) and the mostly offshore dip orientation of foreset bedding. Each cross-bedded
unit is capped by a clay-rich palaeosol or well-developed protosol, indicating long hiatuses
between phases of dune emplacement. Therefore, each unit can be classified as an
allostratigraphic unit, but the units cannot be differentiated using lithostratigraphic criteria.
Their general lithologic character and stratigraphic setting indicate they form one
Uthostratigraphic unit named the Searles Point Formation.

3) Above the lower succession at both locations, the bluff comprises up to four t
cross-bedded units, deposited primarily as transverse dunes under winds from N W - N E .
At Neds Beach, beach beds were emplaced early in this period of sediment accumulation.
T w o major phases of dune accretion occurred along the coast. The earlier phase comprises
moderately to weakly-cemented, very pale brown grainstones laid down in up to four dune
units at Middle Beach and one or two dune units at Neds Beach. These beach and dune
units constitute the Neds Beach Formation. At both locations, the top white-coloured unit,
which is mappable between Middle Beach and Neds Beach, a distance of approximately
1.2 km, overlies a well-developed protosol, the Middle Beach protosol. This dune unit is
classified as the Middle Beach Member of the Neds Beach Formation.

4) The scale of cross-bedding in the Neds Beach Formation is far larger than outc
the Searles Point Formation. In conjunction with the preserved dune morphology evident
at both locations, this sediment appears to have been rapidly emplaced near to its source.
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3.8 Aeolianite at Blinkenthorpe Beach
Aeolianite is exposed at the northern end of Blinkenthorpe Beach (Fig. 3.4) where it
onlaps basalt at the base of Transit Hill. Aeolianite also extends to an elevation of at least
60 m above M S L on the southern flank of Transit Hill. However, the only exposures
exhibiting bedding structures were found in cliffed outcrop at the northern end of
Blinkenthorpe Beach (Fig. 3.39a). This aeolianite appears heavily weathered and partly
obscured by thick heath and slope debris. Exposures show the aeolianite is moderately to
heavily-cemented and protosol horizons are evident (as indicated by rhizoliths) indicating at
least three phases of dune accretion.
Two exposures were measured by tape, comprising up to four sets of cross-beds stacked
above outcrops of the North Ridge Basalt (Fig. 3.40a, b). The lower unit exhibits
troughed and planar bedding and at both sites comprises low to moderate-angle crossbedding. At site 1, the basal aeolianite unit overlies a dark-brown clayey palaeosol up to 50
c m thick, containing bird bones, which developed on the basalt (Fig. 3.40a).

Mean vector trends of the three cross-bedded units examined, bbl (129° ±18°), bb2 (327°
±11°) and bb3 (153° ±18°), suggest deposition by winds from the N W , S S E and N N W
respectively (Fig. 3.40b, Table 3.6). The basal unit, bbl, extends d o w n into the intertidal
region, indicating deposition during a period of lower sea-level.
The small extent of this outcrop and its relatively poorly-preserved bedding make
comparisons with the well-mapped areas at Neds Beach and Middle Beach difficult. The
lower, more heavily-cemented unit, bbl, m a y be part of the Searles Point Formation and
the more friable cross-bedded units above m a y be components of the Neds Beach
Formation.

3.9 Aeolianite at The Big Slope
The Big Slope is the large footslope on the southeastern flank of M t Gower (Fig. 3.4). The
coast is accessible only by boat during periods of low swell. The presence of aeolianite on
the Big Slope was noted by McDougall et al. (1981) in their summary of the distribution of
calcarenite on the island but the outcrop has not previously been examined.

Along a section of the cliffed shoreline at the base of The Big Slope, two sets of cros
beds are exposed. The base of the lower bed set sits approximately 4 m above M H W
(measurements by tape), on top of a talluvium deposit. The talluvium is composed of large
basalt boulders in a clay matrix. However, 200 m to the south, blocks of aeolianite are
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Figure 3.39: Aeolianite exposures on the E coast at Blinkenthorpe Beach and The Big Slope, a)
Aeolianite at Blinkenthorpe Beach. Heavily-cemented, troughed and planar cross-bedding dips towar
the camera. The hammer (arrow) is 28 cm long, b) Aeolianite at the base of The Big Slope viewed fro
offshore. A set of climbing dunes is indicated by the inclined bounding surfaces (dashed lines) w
rise lo the S. c) A view of the aeolianite at The Big Slope from the boulder beach seaward of the c
Tlte large foresets (bsla) lie on talluvium (t) and are capped by topset beds and a second set of fo
A basalt boulder th, /'.v ^ r / v » W in t\u> base of the upper bedset. The geologist is 1.75 m tall.
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evident in the talluvium, suggesting aeolianite was deposited to a considerable elevation
and subsequently became incorporated into slope failures.

The aeolianite cliff extends along the shoreline for approximately 120 m (Fig. 3.39b). T
lower bed set consists of foresets, up to 8 m thick, overlain by a topset bed at least 1 m
thick (Fig. 3.39c, Fig. 3.40c). A basalt boulder within the topset bed has apparently been
deposited with failure of the basalt cliff several hundred metres above the shoreline.
Remnants of a second foreset bed, approximately 5 m thick, overlie the topset bed along a
bounding surface which dips at approximately 5° to the northeast (Fig. 3.39b). This
assemblage of beds is typical of a climbing dune. Measurements of the dip of the foreset
bedding along the base of the cliff (171° ±9°, Table 3.6) indicate deposition by northerly
winds. The foreset beds in the top of the cliff were not measured but appear to have a
similar orientation. The seaward dip of the lower bounding surface indicates the bottom
foresets formerly extended below the shoreline, indicating the dune unit was emplaced
during a period of lower sea-level. The aeolianite is very pale brown and quite friable.
Similar deposits at Neds Beach and Middle Beach were also deposited by wind from the N
- N E . Based on the lithological similarities, aeolianite at the Big Slope is provisionally
assigned to the same formation, the Neds Beach Formation.

3.10 Aeolianite at North Bay
At the northern end of the island, aeolianite crops out on the eastern side of North Bay
(Fig. 3.4). Bedding is exposed in low cliffs along the shoreline and inland in gullies, small
dolines and caves. O n the northwestern flank of Dawsons Point Ridge (North Ridge
Basalt) aeolianite crops out up to approximately 70 m above the shoreline. Outcrops were
examined at four sites (Fig. 3.41a).
In the 2 - 5 m cliffs along the shoreline at site 1, two cross-bed sets with low-angle,
planar bedding are discernible (Figs 3.40d, 3.41b). The lower bed set onlaps unweathered
basalt on the eastern edge of the outcrop. Protosols are indicated by rhizoliths and
pedogenic colouration in the upper layers of the two beds, though less intensely in the
lower bed set. This laterally extensive bedding generally dips seaward (nolai, aii, -188°,
Table 3.6) and m a y represent a foreshore deposit (Table 3.2). However, a lack of
distinctive structural evidence (e.g. swash or ripple marks, scour lineations, scour
channels), fossil evidence or diagnostic gravel clasts, implies this is a tentative
interpretation of depositional facies.
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Foresets, up to 3 m thick, ride up over these beds at the western side of the outcrop.
Cross-bedding dips towards N (nolb, 353° ±4°; Figs 3.40d, 3.41c) reflecting deposition
by southerly wind. Lithologically, the low-angle bed sets are similar, very light brown
moderately to well-cemented grainstone. The yellow protosol horizon in the top bed set
(nolaii) suggests a short hiatus before the overlying dune foresets (nolb) were emplaced.

Behind the shoreline, aeolianite rises steeply to the north and is covered by a dense p
forest (dominantly Howeafosteriana). At approximately 15 m above and 80 m behind the
shoreline, two dolines in the aeolianite form the entrances to caves (site 2). Groundwater is
actively moving through the caves and calcite is being precipitated, forming stalagmites,
stalactites and flowstones. Above the mouth of the larger cave (cave 2) two dune cross-bed
sets are discernible, the cave extending d o w n along the inclined lower topset beds and into
the foresets below (Fig. 3.42). T w o dip azimuth measurements of the upper foresets, 345°
and 343°, and one from the lower foresets measured within the cave, 358°, suggest both
cross-bed sets were deposited by winds from approximately the south.
Aeolianite was also examined in cliffs along the eastern side of a gully approximately
m north of and 20 - 40 m above the shoreline. This aeolianite has infilled a small valley cut
in basalt on D a w s o n s Point Ridge. Since deposition of the aeolianite, there has been
extensive dissolution, slumping and erosion forming gullies along the course of two
ephemeral streams on the eastern and western sides of the valley. Dip azimuths of foresets
within two cross-bed sets exposed on the eastern flank of the western gully were measured
(site 3, Fig. 3.40e). The lower bed set (no3a, 345° ±16°) is capped by a sandy palaeosol
and overlain by a second set of cross-beds (no3b, 107° ±8°). Therefore, these units appear
to record deposition by winds from approximately S S E and W N W .

Fifty metres inland from this outcrop, several remnant caves are exposed in the aeolian
cliffs above the creek bed (eroded speleothem are present in the bed of the creek). O n e
relatively large, intact cave (cave 3) is accessed via a small entrance passage at site 4 (Figs
3.40f, 3.41d). Fine calcite stalactites in this cave suggest calcite is actively precipitating
from dripwater. Dip azimuths of the steeply dipping foreset cross-bedding in the base of
this cave, 1 m above the basalt basement, dip to the N N W (no4a, 337° ±9°), while in the
upper chamber they dip towards the S S E (no4b, 127° ±6°). This is a similar record to the
exposure examined at site 3. In the cliffs above the cave, three cross-bed sets dip towards
N N W (no4c, 338° ±5°). Bedding measurements indicate the majority of these climbing
dunes were emplaced by southerly winds and there was one switch to sedimentation under
northwesterly wind (Fig. 3.42; Table 3.6).
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3.10.1 N o r t h B a y : stratigraphic correlations between sites
At site 1, the shoreline units are moderately to well-cemented, very pale brown grainstones
lacking dissolutional features. The outcrops in cliffs inland at site 2, 3 and 4 are wellcemented, light yellowish brown to yellow grainstones which have experienced
considerable solutional weathering. Although the granular composition of these outcrops
appears very similar, the considerably greater diagenetic alteration evident in the exposures
above the shoreline support the separation of the outcrops into separate lithostratigraphic
units. The upper cliffed exposures are similar to outcrops of the Searles Point Formation at
Neds Beach and Middle Beach, while low-angle cross-bedding on the shoreline is similar
to moderately-cemented outcrops of the Neds Beach Formation at Neds Beach.

It is difficult to accurately correlate units exposed between the four sites at North Bay
to the lack of continuous exposure and the nature of this aeolianite complex: most of the
aeolianite was deposited as thick (up to -10 m ) foreset cross-beds in climbing dunes on
steep basalt terrain (Fig. 3.42). However, the lower dune unit at site 3 and site 4 both
onlap basalt and were laid d o w n by southerly winds, possibly representing the same phase
of depositon. These bed sets are classified as allostratigraphic unit N l . The cross-bedded
unit above the palaeosol at site 3, 3b, and in the upper section of outcrop at site 4 (bed set
4b) represent a later phase of deposition under northwesterly wind, and are classified as
allostratigraphic unit N 2 (Fig. 3.42).

Although the shoreline units, lai, laii, lb, are moderately- to well-cemented, the lack of
large-scale subsurface solutional features in this outcrop, and the weak protosol horizons
separating them suggest deposition m a y have occurred a considerable time after
emplacement of aeolianite in the hill above, during a relatively short period. These crossbed sets are considered a separate allostratigraphic unit, N 3 (Fig. 3.42). The general
stratigraphy of North Bay, based on the mapping results and the above stratigraphic
interpretations, is presented in Figure 3.43.
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shown.
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Table 3.6: Vector data and descriptive statistics for cross-bedded units at Blinkenthorpe
Beach (bb), The Big Slope (bs), Anderson Rd Quarry (aq), Middle Beach Rd
Quarry
(mq), Stevens Reserve (sr), North Bay (no), Old Settlement Beach - lagoon
boat-ramp
(br), Cobbys Corner (cc), Lovers Bay (lb) and Johnsons Beach (jb).
unit N mean angular r R L z F (d.f.)
vector deviation

bbl
bb2
bb3
bsl
aql
mql
srl
nolai
nolaii
nolb
no3a/4a
no3b/4b
no4c
brla
brlb
br2a, 4 thin feb
br2b, foresh.beds

spl
sp2
sp3
ccl
cc2
cc3
cc4
lbl
jbl
jb2
jb3
jb4

9
5
3
5
5
5
4
5
3
3
4
6
6
6
9
40
12
6
13
9
9
8
23
12
5
8
13
8
6

129
327
154
171
230
208
274
298
188
353
345
107
338
348
47
7
156
94
72
95
93
301
284
299
234
241
330
349
38

18
11
18
9
6
5
38
61
21
4
16
8
7
20
25
50
35
8
13
13
21
16
14
10
9
19
20
11
13

0.9535
0.981
0.9525
0.9885
0.9965
0.9935
0.8015
0.5635
0.9365
0.9975
0.9635
0.989
0.992
0.9405
0.9085
0.6885
0.834
0.99
0.9765
0.976
0.935
0.9615
0.9705
0.9845
0.988
0.9455
0.942
0.98
0.976

8.5845
4.9065
2.8585
4.944
4.9845
4.969
3.207
2.8175
2.81
2.993
3.855
5.936
5.9535
5.644
8.178
27.55
10.011
5.9415
12.696
8.785
8.416
7.6945
22.3295
11.816
4.9415
7.5645
12.2485
7.8425
5.827

95.383
98.129
95.283
98.879
99.689
99.38
80.175
56.35
93.666
99.766
96.375
98.933
99.225
94.066
90.866
68.875
83.42
99.025
97.661
97.611
93.511
96.181
97.084
98.466
98.83
94.556
94.219
98.031
97.616

8.1899
4.815
2.72
4.885
4.965
4.955
2.57
1.585
2.63
2.985
3.715
5.87
5.905
5.305
7.43
18.975
8.3499
5.88
12.395
8.575
7.87
7.4
21.675
11.635
4.88
7.15
11.54
7.685
5.715

84.635 (8)V
212.84 (4*W
82.935 (2)V
356.645 (4*W
1295.98 (4)V
625.6 (4)V
18.095 (3)
6.965 (4)
61.145 (2)V
1761.665 (2*W
108.515 (3)V
375.61 (5)V
515.765 (5)V
65.42 (5 )V
41.75 (8)V
10.72 (39)V
22.05 (11)\
410.54 (5)V
168.975 (12)V
165.59 (8)\
59.6 (8)V
103 (7)\
135.15 (22)\
259.18 (11 )V
339.93 (4)V
71.43 (7)V
67.15 (13"W
201.4 (7)V
165.985 (5)V

N: number of observations; r: mean vector length; R: magnitude of the resultant vector; L: magnit
the resultant vector; z: Rayleigh test of randomness (samples with N > 6 are nonrandom if z>4.085 (p=l%),
z>2.857 (p=5%)); F test of uniform distribution, V = non uniform distribution (p=5%).
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3.11 Outcrops on the northern lagoon shoreline: Old Settlement
Beach, the lagoon boat ramp and Signal Point
Along the lagoon shoreline between Old Settlement Beach and Lagoon Beach (Fig. 3.4), in
the present intertidal and shoreline environments, there are several outcrops of aeolianite
thatreveala detailed stratigraphy for this section of coast.
3.11.1 Old Settlement Beach and the Lagoon boat ramp
Aeolianite crops out in the rocky shoreline of low cliffs and benches between Old
Settlement Beach and the southern side of the Lagoon boat ramp. These exposures form
the western margin of an aeolianite hill which rises towards the east to an elevation of
approximately 20 m above the shoreline. T h e locations of sections measured in these
outcrops are shown in Figure 3.44.

At the eastern end of Old Settlement Beach, site 1, two moderately- to weakly-cemented,
low-angle, parallel laminated beds are exposed (Figs 3.45a, 3.46a,b). A protosol
containing a dense rhizolithic mat is evident in the top of the upper bedset. A less distinct
pedogenic horizon in the top of the lower bedset is also preserved in several places.
Laminae in both beds are laterally extensive, traceable for over 20 m . Bed dip azimuths in
this bedding are quite diverse (145° ±50°, Fig. 3.45a). In the lower bedset, faunal burrows
are preserved which were not found in any of the dune beds examined. These structures
are similar to the Skolithos Ichnofacies which is characteristic of shifting substrates of
lower intertidal to shallow subtidal environments (Frey and Pemberton, 1984; Fig. 3.46b).
Current scour lineaments are also visible in laminae in the lower bed set (Fig. 3.46c).
These features point to a shallow-marine depositional environment for both beds, probably
a beach foreshore setting.

In the southern edge of this exposure and above the shoreline, the low-angle, laminated
beds onlap heavily-cemented, steeply-dipping foreset bedding (36° ±15°, Fig. 3.45a). The
foresets are at least 4 m thick andriseup from below L A T into the aeolianite hill. Patches
of reddish-brown palaeosol overlie these beds and where it has been stripped the aeolianite
is heavily cemented and highly karstified. These foresets appear to record an earlier phase
of aeolian deposition which occurred considerably before the emplacement of the elevated
shallow marine beds. A second thick (>3 m ) set of foresets is exposed in small
embayments in the shoreline to the south of Old Settlement Beach (348° ±20°, Fig. 3.45b).
Exposures of bedding on the southern side of the largest embayment reveal two cross-bed
sets in lateral contact, with bed set 2b abutting the eroded S W edge of, and overriding, bed
set 2a. In the head of this embayment, a clay-rich palaeosol overlies 2a and is capped by a
thin, weathered massive bed, most likely part of 2b (Fig. 3.45b, Fig. 3.46d). Outcrops of
these dune cross-beds and the intervening palaeosol were also measured further south at
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Figure 3.44: An aerial photograph of the coast between Old Settlement Beach and Signal Point sh
the location of Old Settlement Beach (OSB), Lagoon boat ramp (BR), Lagoon Jetty (J), Signal P
(SP) and measured sections (a - g, as in Fig. 3.45).
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Figure 3.47: Bedding exposures near the Lagoon boat ramp and at Signal Point, a) Planar laminated
beds with a gentle seaward dip on the W side of the boat ramp. Bioturbation and worm tubes are
evident in the laminae directly above the tape measure (5 cm long), suggesting deposition in a fore
setting, b) Outcrop in the shore platform on the W side of the Lagoon boat ramp. In the foreground,
bedding is low-angle, seaward dipping and laterally extensive. This bedding grades into steeply d
foresets (beyond the sand), with up to 4 sets of beds (each -0.5 m thick) in the seaward end of th
platform, suggesting a transition from foreshore to shoreface. c) Signal Point, site 2. The thic
easterly dipping foresets (2a) extend below LAT and are overlain by a weak protosol (pr) which
contains scattered Placostylus. Above the protosol, thin foresets (2b) are capped by topset beds, i
veneered by soil in which Placostylus shells are also evident.
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sites 3 and 4 (Fig. 3.45c, d). At all sites these older dune cross-bedded units extend below
present sea level.

Approximately 20 m north of the boat ramp, a depression above the shoreline in the
heavily-cemented dune unit contains a thick clay-rich reddish-brown palaeosol containing
fossil Gudeoconcha

sophiae and numerous speleothem (stalactites, stalagmites and

flowstones). This is a cave collapse deposit, with scattered debris in the palaeosol and
several remnant in situ flowstones and stalagmites (discussed in more detail in Chapter 6).
The deposit records a former period of cave development in the lower aeolianite unit.
At site 5, on the southern side of the lagoon boat ramp, 180 m south of Old Settlement
Beach, the basal aeolian cross-bedded units are again onlapped by low-angle, parallel,
laminated cross-bedding (Fig. 3.45e). Laminae within these beds exhibit evidence of
bioturbation and contain fine w o r m tubes (Fig. 3.47a), rhythmic ripple crests and scour
lineaments (with mean vector trends to 016° ±13° and 167° ±14° respectively, Table 3.6),
typical features of foreshore deposits. These laminae grade into steeply-dipping foresets in
the shore platform to the south (Fig. 3.47b). Four sets of foresets crop out in the seaward
end of the platform, each between 0.5 - 0.7 m thick (Fig. 3.45e). M e a n vectors range
between 291° and 032° (Table 3.6). W h e n compared to the scour lineament trend and the
alignment of the ripple crests preserved in the low-angle foreshore laminae, the mean
vector trends of the steeply-dipping foresets indicate deposition by approximately onshoredirected currents (Fig. 3.48).

This bedding succession, over a horizontal distance of up to 70 m, is typical of a sho
to foreshore setting, with relatively thin sets of foresets in the shoreface grading up into
low-angle, seaward-dipping, parallel laminae in the foreshore (Table 3.2). This
morphology, when compared to the beach morphodynamic models of Wright and Short
(1985), with a relatively relaxed beach profile (a gradational change in bedding form
between the shoreface and foreshore), is suggestive of a former welded bar on an
intermediate beach exposed to spilling - plunging waves.
An overview of the outcrops between Old Settlement Beach and the Lagoon boat ramp is
presented in a schematic long-section of the shoreline exposures (Fig. 3.49a). This figure
indicates the onlap of the older core of dune units and palaeosols by beach foreshore
laminae and sets of shoreface cross-bedding.
Approximately 250 m east of Old Settlement Beach, an aeolianite hill rises to
approximately 20 m above M S L at Ocean View Lodge. The only apparently in situ fossil
Meiolania discovered on the island was found here during excavation for a pool (K
Wilson, present during the excavation and n o w proprietor, pers. comm., 1996). A s there
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are no exposures of aeolianite, auger samples were drilled adjacent to the pool. The
aeolianite is light yellowish brown,fineto medium-grain, well-sorted, weakly-cemented
grainstone, similar to other outcrop of the Neds Beach Formation.

br4
•
•/
br67
ripple crests

O

""""

•K scour lineaments

,D
low-angle
laminae

Figure 3. 48 Hemispherical distribution of the mean vectors of cross-bedding dips, and
scour lineament and ripple crest alignments in exposures at the Lagoon boat ramp. The
small circles indicate the mean vector trends (dark circles represent four relatively thin
foreset cross beds). The laminae and scour lineaments record an offshore direction,
therefore, the cross beds appear to record onshore-directed sedimentation.

3.11.2 Signal Point
The island's jetty is situated 80 m south of the outcrop at the Lagoon boat ramp, between
the boat ramp and the aeolianite cliffs at Signal Point, within a slight embayment in the
shoreline. Dark-brown to grey m u d is exposed along the shoreline in this embayment and
mangrove stumps have been recovered 20 m offshore, recording a former (middle
Holocene) estuarine environment (Woodroffe et al., 1995). Auger samples taken on the
shoreline at the jetty, and vibrocore and drill core obtained from the seaward end of the
jetty (lvl2, lcl2; Kennedy in prep.), confirm this interpretation. In these cores the
estuarine m u d overlies up to 3 m of weakly- to moderately-cemented calcarenite which in
turn overlies two distinct generations of mollusc- and coral-rich beach or back-reef
deposits, the lower showing considerable recrystallisation of aragonite, solutional voids
and secondary calcite. Facies evident within these cores suggest the two generations of
carbonate sedimentation evident between Old Settlement Beach and the boat ramp are also
preserved below the jetty.

Immediately south of the jetty, the shoreline rises into a low ridge. The ridge is com
of friable, very pale brown aeolianite and has been cut back by wave erosion to form
cliffed exposures, up to 13 m high, at Signal Point (Fig. 3.44). Three cross-bedded units
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Figure 3.49: Schematic cross-sections of the stratigraphy of aeolianite units examined
between Old Settlement Beach and Lagoon Beach, a) A section between Old Settlement
Beach and the Lagoon boat ramp. Cross-bedded unit numbers are shown, b) A section
between the shoreline around the Lagoon boat ramp southeast to Lagoon Beach.
Cross-bedded units and allostratigraphic units (OL1 - OL4) are indicated.
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crop out in the cliff (spl, sp2 and sp3), with weak protosol horizons evident on the two
lower units at the northern end of the cliff, sites 1 and 2 (Figs 3.45f, g; 3.47c). Fossil
Placostylus are present in the lower protosol. The protosols follow the curvature of the
former lee side of the dunes and merge at the northern end of the cliffs (site 1). Further
south, the upper protosol appears to have been eroded from bed set 2b. This bed set
thickens to the south, forming the entire cliffed outcrop at site 3 (Fig. 3.45h). The
exposures at Signal Point show each set of cross-beds represents a discrete phase of dune
formation, though each phase was punctuated by a relatively short hiatus. All cross-bedded
units extend below L A T , suggesting deposition during a period of lower sea-level. In units
spl, sp2 and sp3, the m e a n vectors trend to 94° ±8°, 72° ±12° and 95° ±13° respectively
(Fig. 3.45f - i), recording winds from the W N W - W S W . Combined with the sloping
protosol surface, these vectors indicate the units form a lateral succession along the
shoreline from the jetty to Lagoon Beach, typical of a series of overriding dunes.

At the northern end of Lagoon Beach, at site 4, adjacent to Signal Point, a remnant out
of well-indurated calcarenite, capped by a clay-rich palaeosol, crops out on the beach (Fig.
3.45i). The palaeosol and brownish yellow colour of this outcrop reflects considerable
meteoric alteration, with Placostylus evident in the palaeosol. Veins of calcite within, and
flowstone precipitated on top of the palaeosol, record subsurface karstification of the
deposit. This outcrop appears similar to the basal unit exposed at the boat ramp, brl.
3.11.3 Stratigraphic correlations: Old Settlement Beach - Lagoon Beach
T w o heavily-cemented and karstified dune units, capped by clay-rich palaeosols, were
examined in extensive exposures between Old Settlement Beach and the Lagoon boat
ramp, and at the northern end of Lagoon Beach. They extend below L A T , were laid down
by winds from the S S E and N E , and represent the basal aeolianite units for this section of
coast. These outcrops are lithologically and stratigraphically similar to the lower aeolianite
successions at Neds Beach and Middle Beach, therefore, they are also considered part of
the Searles Point Formation.
Weakly to moderately-cemented shallow marine sediments onlap these basal units and
were laid d o w n in a shoreface to foreshore environment, the foreshore beds sitting up to 4
m above L A T . D u n e units exposed in cliffs at Signal Point, 100m south of the boat ramp,
are weakly to moderately-cemented, were deposited by westerly winds and also extend
below L A T . The lithologic character of these units and their stratigraphic setting is very
similar to the beach and dune succession above the Searles Point Formation at Neds Beach
and they are likewise mapped as part of the Neds Beach Formation.
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Discontinuous palaeosols cap the older dune units exposed at Old Settlement Beach, the
boat ramp and the northern end of Lagoon Beach, indicating at least two early phases of
dune accretion. These cross-beds and palaeosols constitute allostratigraphic units O L 1 (OL:
Old Settlement Beach - Lagoon Beach) and O L 2 (Fig. 3.49b).

Given their similar lithologic character, and similarities with the succession of beach
dune units at Neds Beach, it is likely the dune units at Signal Point were emplaced at a
similar time or shortly after the shallow marine beds exposed at the Lagoon boat ramp and
Old Settlement Beach. However, bedding exposures which link the beach and dune units
were not found. At Signal Point, the lower dune cross-bedded unit, spl, is overlain by the
better-developed of the two protosols evident in the cliff. The lower unit is slightly darker
than the overlying units, reflecting the more significant pedogenic and diagenetic alteration.
As the lower dune unit has a similar lithology to the beach units at Old Settlement Beach
and the boat ramp, they are considered one allostratigraphic unit, O L 3 (Fig. 3.49b). The
aeolianite at Ocean View Lodge, with some pedogenic discolouration, is also included in
this unit.
The discontinuous, weakly-developed protosol between the two upper cross-bedded units
at Signal Point (sp2 and sp3) indicates there was a relatively short hiatus between these
two periods of dune emplacement. Both units are included in the upper allostratigraphic
unit, O L 4 , the final period of dune development on this part of the island (Fig. 3.49b). The
dune units exposed at Signal Point are onlapped by Holocene estuarine m u d at the lagoon
jetty.
A general stratigraphy for outcrops examined between Old Settlement beach and the
northern end of Lagoon Beach shows the dominance of N to N E winds in the early
generation of dune formation and E winds in the later generation (Fig. 3.50). A s shown in
Figure 3.50, beach sedimentation is provisionally interpreted as occurring prior to the last
phase of dune emplacement.

3.12 Exposures in Stevens Reserve and nearby quarry cuttings
Surficial outcrops in Stevens Reserve, at the northwestern foot of the main aeolianite ridge,
and in small disused quarries on Middle Beach Road and Anderson Road, on the western
flank of theridge,provide exposures of aeolianite bedding which m a y help link the major
outcrops on the east and west coasts.
Foreset cross-bedding exposed in Stevens Reserve, approximately halfway between Signal
Point and N e d s Beach, have experienced considerable subaerial exposure making it
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indicated and dip azimuth data of each unit are displayed in rose diagrams.
Allostratigraphic units are also marked.
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difficult to compare their lithology with cliffed outcrops which have not experienced
prolonged exposure. T h e sets of cross beds consist of well-cemented, very pale brown
grainstone exhibiting s o m e surficial dissolutional features. They record an easterly
palaeowind direction (274° ±38°, Table 3.6), indicating the beds were deposited prior to
the emplacement of m u c h of the aeolianite ridge directly east of Stevens Reserve. The
outcrops also suggest that this basal western portion of the ridge comprises sediment that
was derived from the eastern side of the island.

The quarry cutting on Anderson Road reveals thick foresets (~4 m) comprising white,
weakly-cemented grainstone. Foresets exposed in the quarry cutting on Middle Beach
Road have a very similar lithology. These aeolianite outcrops are very similar to exposures
at Neds Beach and Middle Beach that were mapped as the Middle Beach M e m b e r of the
Neds Beach Formation. At Anderson Road, foreset bedding dips to the S W (230° ±6°). A
slightiy more westerly orientation was measured in the quarry at Middle Beach Road (208°
±5°, Fig. 3.45j). Augering in the floor of the quarry on Anderson Road indicates the
foresets m a y be up to 14 m thick. These data indicate the dune units examined in the upper
section of outcrop at Middle Beach (cross-bed unit mblO) appear to extend to the steep
western flank of the ridge.

A well-developed, fossiliferous (Placostylus) protosol is exposed in the base of the q
at Middle Beach Road and appears similar to the Middle Beach protosol examined at Neds
Beach and Middle Beach. Augering reveals the dune unit below this protosol is weakly- to
moderately-cemented very light-brown grainstone, similar to the bulk of the aeolianite
exposed in the cliffs at Middle Beach and Neds Beach (Fig. 3.45j; part of the Neds Beach
Formation). These findings suggest m u c h of the ridge comprises dune cross-beds fed from
a source to the northeast and support the morphostratigraphic interpretation of this ridge
being a fossil transverse dune, with the steep western flank representing the lee side of the
dune complex.

3.13 Outcrops at the southern end of the lagoon: Cobbys
Corner, Lovers Bay and Johnsons Beach
At the southern end of Lagoon Beach, the shoreline orientation shifts from N W - S E to N E
- S W as the beach and low foredunes give w a y to 5 - 9 m aeolianite cliffs (Fig. 3.4).
Several sections were measured in discontinuous outcrops of cross-bedded units in the
cliffs and shore platforms from Cobbys Corner south to Johnsons Beach (Fig. 3.51).

Figure 3.51: Aerial photograph of the coast between Cobbys Corner and Johnsons Beach. Lago
Beach (LB), Cobbys Corner (CC), Lovers Bay (LB) and Johnsons Beach (JB) are indicated and th
location of the measured sections (a - g, as in Fig. 3.52) shown.

b)

a)

Site 2

soil

Cobbys Corner (cc)
Sitel

I

2

4

*

8
Iff
metres

12

C)

U

16

18

20

8

12

16

20

metres

e)
Site 5

d)
Lovers Bay Ob)
*1 Site 4

Johnsons Beach (jb)
site 1

KEY:
W/ A dune cross-bedding
2c - bedset no. I / /\ •(
offshore dip

dune topset beds

p2 - palaeosol/
l \ \ ] dune cross-bedding
protosol no. \A\ \ . onshore dip

beach beds

protosol

£3

Placostylus

I i 4 I rhlzoliths/weakly
r v v i Boat Harbour
I—i I developed protosol » u " l Breccia
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3.13.1 C o b b y s C o r n e r
Along the shoreline immediately south of Cobbys Corner, at the base of Intermediate Hill
(whichrisesto 2 5 0 m and is composed of Boat Harbour Breccia), four sets of dune crossbeds, bounded by protosols, are evident in aeolianite cliffs which extend southwards to
Lovers Bay (Fig. 3.51). The characteristic light yellowish-brown to brownish-yellow
colour of the outcrop at Cobbys Corner (Table A 1.2, Appedix 1) is a product of the larger
proportion of dark, mostly volcanic grains and pale brown cement in the aeolianite
compared to the other outcrops examined. Four sections were measured along the cliffs at
Cobbys Corner (Figs 3.51, 3.52a - c).

Four cross-bedded units are evident in the cliffs at sites 1, 2 and 3 (Figs 3.52a - c
b). These exposures reveal well-preserved dune structures with moderately- to steeplydipping, thick, foreset beds, often overlain by low-angle topset beds. The sets of crossbeds at sites 1 and 2 can be traced into a road cutting approximately 20 m behind the
shoreline, revealing a stacked complex of dune cross-beds, with foresets up to 6 m thick.
Further south at site 3, two sets of cross-beds, apparently the same two lower units
exposed at sites 1 and 2, are revealed in erosional contact, the lower coset lacking the weak
protosol capping evident at sites 1 and 2 (Fig. 3.52c).

Cross-bedding exposed in the base of the cliffs can also be traced into the shore plat
bordering m u c h of the shoreline. The platform extends below L A T , suggesting deposition
of the aeolianite during a time of lower sea-level. Discontinuous, weak sandy protosols, up
to 30 c m thick, are evident in the top of the two lower sets of cross-beds and contain
occasional rhizolithic mats, while a well-developed, thicker (up to 40 c m ) , clayey-sand
protosol forms a continuous cap on the third set of cross-beds (Fig. 3.53a, b). This
protosol is fossiliferous, containing scattered bird bones and land snails (Gudeochoncha
and Placostylus). Remnants of a terra rossa soil in the top set of cross-beds at site 2
suggest it has experienced a greater period of subaerial exposure than exhibited by the
underlying cross-beds (ccld, 2c, Figs 3.52a, b; 3.53a).
Three cross-bedded units were mapped along this shoreline (Fig. 3.54). Mean vector
trends of foreset dip azimuths in these units (ccl: 93° ±21°; cc2: 301° ±16°; cc3: 284° ±14°;
and cc4: 300° ±10°, Fig. 3.56, Table 3.6) suggest the lower unit was deposited by
westerly winds while the three units above were emplaced by winds from the S E - ESE.
As Intermediate Hill is immediately S E of the shoreline, it seems more likely dune units
cc2 and cc3 were deposited by southerly winds and the mean vector trends indicate
modification of the wind by Intermediate Hill and possibly Mount Lidgbird and Mount
Gower, or, possibly, the influence of antecedent topography or curvature of the dune face.
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Figure 3.53: Aeolianite exposures SW of Cobbys Corner, a) In this section of cliff three bedse
exposed (ccl, cc2, cc4). They are separated by protosols (pr2). The top bedset is capped by a ter
rossa soil (t). b) The shoreline cliff further W. Three dune bedsets, separated by protosols, are
(cc2, cc3, cc4). Only the well-developed protosol (p2) contains Placostylus. c) A small embaymen
the N end of Johnsons Beach. The low-angle, planar and undulating seaward-dipping bedding (a)
fnr vfitK
nvortn^j^u-^
"
The staff is 1 m long.
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3.13.2 Lovers B a y
Approximately 500 m southeast of Cobbys Corner, the cliffline orientation swings slightly
more towards the south where it is broken by a small embayment called Lovers Bay (Fig.
3.51). T w o cross-bedded units are exposed on the northern side of the bay, site 4 (Ibla
and Iblb, Fig. 3.52d). These beds can be traced around the point on the northern side of
the bay to site 3: bed sets Ibla and Iblb are equivalent to bed sets cc3a and cc3b (Fig.
3.52c,d).

On the southern side of Lovers Bay, at site 5, low-angle, laminated beds of relatively
coarse grainstone onlap unweathered basalt,risingto an elevation of approximately 5 m
above L A T . These beds dip seaward (lb2a, 234° ±9°, Table 3.6). Gravel-rich laminae
containing mollusc, coral and algal clasts (long axis of molluscs fragments up to 14 m m )
were collected from the outcrop and, combined with the bedding characteristics, suggest a
beach foreshore depositional environment. A drill core recovered from between sites 3 and
4 contain a thin coral rudstone unit, which sits approximately 2.5 m below the intertidal
shore platform (bed set cc3a; Kennedy in prep.), supporting the likelihood of a beach
facies in this area. Bed lb2a is overlain by steeply landward-dipping dune foreset beds,
revealed in 2 - 3 m of cliff exposure (lb2b, Fig. 3.52e). N o bedding was discerned in the
well-vegetated slope above these exposures (Fig. 3.54).
3.13.3 Johnsons Beach
A further 80 m south of Lovers Bay, at the northern end of Johnsons Beach (Fig. 3.51),
three weakly-cemented cross-bedded units, each capped by protosols, are exposed in the
cliffed shoreline (Fig. 3.52f). Low-angle cross-bedding, up to 3 m thick, crops out in the
base of the cliff at site 1 (bed setjbla). This bedding dips to seaward (240° ±19°), consists
of very pale brown weakly- to moderately-cemented grainstone and appears to correlate
with the basal bed at Lovers Bay. However, unlike the outcrop at Lovers Bay, no gravelly
layers were evident (Fig. 3.53c).

Above this unit, two sets of thick (up to 12 m), steeply-dipping foresets, composed of
weakly-cemented, very pale brown grainstone, are extensively exposed. At site 2, these
bed sets can be seen to rise up from the south into the rapidly-eroding cliff (bed sets jb2a
(=jblb),jb2b; Figs 3.52f,g; 3.55). These inclined, stacked beds were deposited as
climbing dunes and sourced from a position below present sea level. Measurements of the
dune foreset-bedding (330° ±20°, jblb ; 349° ±lV,jblc) indicate predominantly southerly
winds mobilised this sediment. A n extensive horizontal exposure of truncated foreset
bedding in the shore platform in front of the cliff at site 2 (exposed at low tide, bed set
jb2b) exhibits gentle curvature, suggesting deposition as a curved or sinuous-crested
transverse dune.
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The basal cross-beds, jbla, exhibits only a subtle protosol horizon (pi, Fig. 3.52f),
indicated by darker colouration of the bedding and occasional rhizoliths. A well-developed,
clayey-sand protosol (p2) up to 1 m thick, caps the second cross-bedded unit (jblb/jb2a)
and contains Placostylus and Gudeoconcha

land snails, bird bones and thick rhizoliths

(Fig. 3.55a,b). A fossil tree trunk exposed in the cliff above this palaeosol suggests
emplacement of the overlying dune unit (jb2b) on a well-vegetated surface (Fig. 3.55c).

The top set of cross-beds, jb2b, is capped by a weakly-developed sandy protosol (p3),
approximately 0.3 m thick, which contains land snails but no thick rhizoliths (Fig. 3.55c).
Overlying this palaeosol is a thin sand sheet (<lm thick) which exhibits a weak podzolic
soil profile and contains what appears to be subfossil Placostylus (Fig. 3.55a, c).
An erosional remnant of another set of cross-beds crops out at the southern end of
Johnsons Beach and appears to record deposition during southwesterly wind (038° ±13°,
jb4 in Table 3.6). Truncated foresets exposed in the shore platform seaward of this outcrop
exhibit a clean, lateral bedding contact between foresets in the remnant outcrop and bed set
jb2b, suggesting deposition of both bed sets at a similar time.
3.13.4 Stratigraphic interpretations: Cobbys Corner - Johnsons Beach
Aeolianite at Cobbys Corner comprises a stacked succession of three dune cross-bedded
units separated by protosols. This sediment is weakly- to moderately-cemented and
characterised by a relatively high proportion of dark volcanic grains and pale-brown
cement, not evident in the other outcrops examined, producing a distinctive yellowishbrown to brownish-yellow colour (10YR 5/3 - 1 0 Y R 6/6). At Lovers Bay and Johnsons
Beach, the low-angle, seaward-dipping beds were interpreted as probably being emplaced
as foreshore deposits. Overlying these beds are thick cross-bedded dune units composed
of very weakly-cemented, very pale brown (10YR 8/4 - 7/6) grainstone.
The beach unit at Lovers Bay, which onlaps basalt, appears to be the basal unit of the
succession between Cobbys Corner and Johnsons Beach. The cross-bedded units are
separated by protosols and exhibit mostly very light - moderate cementation. These
lithologic and stratigraphic features suggest the units m a y be correlated with similar beach
and dune units exposed at Neds Beach and Middle Beach that were mapped as the Neds
Beach Formation. N o outcrops were observed with lithologic features similar to exposures
mapped as the Searles Point Formation at other sites. The distinctive lithologic character of
the outcrop between Cobbys Corner and Lovers Bay (a distance of -500 m ) suggests it
represents a m e m b e r of the Neds Beach Formation, here proposed as the Cobbys Corner
M e m b e r (Fig. 3.56).

2 0 -i

sand sheet

Figure 3.56: Stratigraphy of aeolianite between Cobbys Corner and Johnsons Beach.
The approximate thickness of the cross-bedded units are shown. The bed dip azimuth
data are displayed in rose diagrams and the proposed allostratigraphic units are
indicated.
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T w o allostratigraphic units are evident in these outcrops (Fig. 3.56). The well-developed
protosol exposed at Cobbys Corner and Johnsons Beach caps thick dune cross-bedded
units. At Johnsons Beach and Lovers Bay these dune units overlie beds possibly deposited
in a beach setting. The units below this protosol at Cobbys Corner are separated by
discontinuities which exhibit only minor pedogenic alteration, suggesting short hiatuses
between successive phases of dune emplacement.

The distinct lithological differences between the dune units at Cobbys Corner and
Johnsons Beach suggest the dunes are not coeval. However, below the thick protosol
evident at both locations, the nature of the discontinuities and the weak cementation of the
units indicate they were deposited during the same earlier phase of carbonate sedimentation
and are classified as allostratigraphic unit CJ1 (CJ = Cobbys Corner - Johnsons Beach;
Figs 3.54, 3.56).
A second allostratigrapic unit comprises the dune units above the thick protosol. At
Cobbys Corner, a dune unit overlies the well-developed protosol and is capped by a terra
rossa soil. At Johnsons Beach, the dune unit above the thick protosol is covered by a
weak, fossiliferous protosol in turn overlain by a thin, massive, unlithified bed displaying
a weak podzolic soil profile. The more intense pedogenesis evident in the top unit at
Cobbys Corner m a y be equivalent to the cumulative pedogenic alteration recorded in the
two upper units at Johnsons Beach. At both locations, the top cross-bedded units were
emplaced during the last significant phase of dune accretion and constitute allostratigraphic
unit CJ2 (Figs 3.54, 3.56).
The stratigraphy of the outcrops between Cobbys Corner and Johnsons Beach (Fig. 3.56)
reveals a similar general pattern to the upper succession at Neds Beach, with low-angle
beach beds overlain by a series of relatively thick steeply-dipping dune cross-bedded units
separated by protosols. A s evident at Neds Beach and Middle Beach, only one protosol is
well-developed and m a y represent a significant island-wide hiatus. A g e determinations of
Placostylus collected from these protosol exposures (Chapters 5 and 6) m a y help link these
disjunct successions (examined in Chapter 7).
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3.14 Palaeoenvironmental insights derived from the lithofacies
analysis
Bedding structures, morphostratigrahic, diagenetic and pedogenic characteristics and
several fossiliferous deposits examined in the aeolianite provide considerable insights into
the palaeoenvironments that have existed on the island since emplacement of the carbonate.
These records indicate palaeoenvironmental conditions both similar to and in considerable
contrast with the present coastal environment.

Subaerially exposed Last Interglacial reef is not evident on Lord Howe Island in contra
similar low latitude carbonate islands such as Bermuda, Rottnest Island and the Abrolhos
Islands (discussed in Chapter 2; these islands are described in separate chapters in Vacher
and Quinn, 1997). However, it appears likely at least some patch reef was in place around
Lord H o w e Island during the Last Interglacial sea-level highstand as coral clasts occur
within the fossil beach sediments examined at Neds Beach, and in cores from the Lagoon
jetty and Lovers Bay.

In contrast to the lack of ancient reef, there are several outcrops of sandy beach depo
Exposures of low-angle, laterally continuous laminated bedding typical of a foreshore
environment on an open beach were examined at Neds Beach on the east coast and at Old
Settlement Beach, the Lagoon boat ramp, Lovers Bay and North Bay on the lagoon coast.
These deposits comprise predominanUy medium sand-size grains of well-sorted carbonate,
with rare gravel-size coral clasts (in contrast to the gravelly sand deposited on the modern
Lagoon beaches). Although beach sediment constitutes a minor proportion (<
approximately 5 % ) of the aeolianite at Lovers Bay and Old Settlement Beach (and probably
< 5 % of all the calcarenite), at Neds Beach the beach sediments represent at least 2 0 % of
the cliff exposure and appear to extend to the west towards Signal Point. At all sites of
exposure, the ancient beach deposits appear to form the basal unit of the Neds Beach
Formation, suggesting emplacement of the overlying dunes at these sites at a similar time
to the beach sediment, during the subsequent regression or during a later highstand. Beach
units sit between 2 - 5 m above present M S L , indicating the tectonic stability of the island
during the Late Quaternary (Woodroffe et al, 1995).

Relatively large dunes were emplaced on the island during the last phase of ancient dune
accretion (dune units of the Neds Beach Formation). These dunes are far larger and exhibit
a high degree of preserved dune morphology, compared to remnants of the earlier phase of
dune emplacement (units of the Searles Point Formation). The older dune units have
experienced longer periods of denudation, as suggested by the well-developed palaeosols
capping these units (landscape lowering has been estimated at ~5 m per 100 ka in
Bermuda, Vacher, 1978), than units of the Neds Beach Formation. They have also been
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exposed to wave erosion during at least the last sea-level highstand, as shown by erosional
contacts between the older aeolianite and beach units of the Neds Beach Formation. The
dip azimuths of foreset bedding in these older dune units predominantly range between
128° - 348°, recording effective winds from N W - S S E (Fig. 3.57).

The older aeolianite units form the core on which much of the younger succession of du
has been anchored, the younger units piling up over and around the older units. In contrast
to the Searles Point Formation, mean vector trends of foreset bedding in dunes of the Neds
Beach Formation indicate deposition by winds from all quadrants but mostly under N W N E winds (thick units at Neds Beach and Middle Beach) with little deposition by winds
from the S W (Fig. 3.57).

Figure 3.57: Hemispherical distribution of the mean vectors of cross-bedded dune units in;
a) the Searles Point Formation, and
b) the Neds Beach Formation, plotted in 20° arc segments.
The overall mean vectors and standard angular deviations are also indicated.
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The switch from deposition predominantly under winds from W - S in the Searles Point
Formation to N W - S E in the Neds Beach Formation suggests a change in the volume of
carbonate reaching these coasts rather than a change in wind regime - the island's
latitudinal and middle ocean setting indicates effective winds are likely to have been
experienced along all coasts in the past (section 1.4.2). Possibly, this difference in
sediment delivery m a y reflect changes in the energy levels reaching the coasts (this issue is
further examined in light of the dating results in Chapter 7). Significantly, several dune
units of both formations can be traced below present sea level, indicating the dunes were
emplaced during periods when sea level was at least several metres lower.

Both the scale and depositional setting of the large ancient dune complexes (up to 40 m
high, 1.5 k m long, between Neds Beach and Valley of Shadows, extending up to 500 m
inland from the modern shoreline on steep slopes up to an elevation of 80 m ) contrasts
markedly with the island's modern dunes. The largest modern dune, at Blinkenthorpe
Beach, is 6 m high and extends along the shoreline for approximately 600 m , while low
foredunes (generally < 1.5 m high) have been deposited at Lagoon Beach, Old Settlement
Beach and North Beach. These landforms indicate carbonate delivery to the shoreline was
much higher during the past phases of dune accretion and suggest this carbonate
palaeoproductivity is somewhat of an anomaly compared to the modern beach
environments - the m o d e m coastal environment is not a useful analogue to the past.

Fossils and structural features in the aeolianite units indicate the tempo of their fo
and provide insights into their depositional history. Rapid emplacement of dunes during
the latter phase of accretion is recorded by entombed tree trunks (Johnsons Beach, site 2;
Middle Beach, site 2) and a Meiolania , apparently in situ within the dune unit in which it
was found at Ocean V i e w Lodge. Brecciated and massive slumping and high angle
asymmetric folds evident in the foreset bedding in outcrops at Middle Beach suggest a
humid environment prevailed during deposition of the dunes (McKee and Ward, 1983, and
discussed above in section 3.3.3). Thick foreset beds (individual foreset beds up to 23 m
thick) at Neds Beach and Middle Beach also indicate rapid emplacement of the upper dune
units (Neds Beach Formation). Similarly, thick dune units at North Bay record the rapid
formation of dunes during an earlier phase of accretion. The well-preserved, primary
depositonal forms of dunes are visible at most outcrops. Cosets of topset and foreset beds
represent the windward and leeward sides of dunes. D u n e crest 'roll-overs' show the
upper-most, readily-eroded sections of dunes have been preserved, while the linear nature
of the dune ridge complexes suggest preservation of landforms close to the ancient
shorelines along which they appear to have developed.
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Remnant cave flowstone deposits were examined at North Bay, Searles Point and the
Lagoon Boat ramp but only at North Bay are caverns preserved. The larger caves at North
Bay have formed with collapse of aeolianite into dissolutional voids formed primarily
along the aeolianite-basalt contact, probably forming rapidly after emplacement of the
carbonate, as reported for Bermuda, King Island and the Yucatan (discussed in Mylroie et
al., 1995). Smaller caves at the base of the ridge at North Bay do not have bedrock floors
and appear products of localised vadose flow, dissolution and subsequent collapse. At
Searles Point and the Lagoon boat ramp, former caves are indicated by solutional
depressions in the surface of the aeolianite in which remnant speleothems are preserved.
Although there are no structural records of the morphology of the former caves, the
speleothems and solutional depressions are within 4 m of present M S L . It has been found
that in the Bahamas the larger caves formed with mixing dissolution at the top of an
elevated fresh water lens, a function of the former higher interglacial sea level, while
smaller pit caves formed in the vadose zone by downward dissolution (Mylroie et al,
1995). Relatively small interior caves in Bermuda are also related to mixing dissolution at
the top of the water table and therefore their position is also linked to the interglacial sealevel (Mylroie ef al, 1995). Possibly, the former caves at Searles Point and Old Settlement
Beach m a y have developed during past slighdy higher sea-levels w h e n thefreshwater lens
was elevated. Dating the remnant speleothems can provide an indication of the age and
therefore m o d e of cave formation as well as a m i n i m u m age for the host aeolianite units
(the results of U/Th dating of several speleothem are reported in Chapter 5).

Pedogenic features and fossils preserved in the aeolianite also record a relatively humi
environment during and after dune emplacement. Palaeosol-filled clay pots and solution
pipes at Middle Beach (sites 2 and 3) and Neds Beach (sites 4 and 6) record the former
development of a mature terra rossa soil on the lower dune units (Searles Point
Formation). Basalt pebbles in palaeosols exposed at Searles Point (site 9) and Middle
Beach (site 2a) appear to record stream flow across this former land surface, when basalt
was exposed inland of and above these sites - the basalt was covered by subsequent phases
of dune accretion. The lack of calcrete within the aeolianite also suggests that a humid
palaeoclimate, with no distinct seasonal deficit of rainfall or soil moisture, has persisted
throughout the history of the aeolianite (Milnes and Hutton, 1983). Buried tree trunks
suggest the dunes were well-vegetated prior to burial by a subsequent phase of dune
accretion. Numerous large fossil snails and rhizoliths within palaeosols and protosols also
point to significant soil moisture. Bird bones are ubiquitous in fossil soil units, especially
protosols of the Neds Beach Formation. Several have been identified as species of sea
birds which presently nest on the island as well as sea birds not presently nesting in the
region (Squires, 1963; van Tets and Fullagar, 1977), possibly recording a nearby
coastline.
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3.15 Lithostratigraphic classification: a s u m m a r y
A major stratigraphic feature at several locations is the outcrop of two distinct generations
of aeolianite. At Neds Beach, Middle Beach, Old Setdement Beach, the Lagoon boat ramp,
the northern end of Lagoon Beach and North Bay, the older succession is characterised by
low-lying (<10 m above M S L ) , heavily-cemented and often karstified dune cross-bedded
units capped by clay-rich palaeosols. These units extend below present sea-level at several
locations. Lithologically and stratigraphically, these outcrops are distinct from the majority
of aeolianite on the island which is made of thick, lightly- or moderately-cemented units.
Extensive, mappable exposures of the older succession are evident at Searles Point,
Lagoon Beach and North Bay. The base of the succession overlies basalt, while the top of
the succession forms highly karstified outcrops or is overlain by the more friable units of
the younger succession. This aeolianite is classified as a n e w lithostratigraphic formation
called the Searles Point Formation (Table 3.7), due to the good exposure of mappable
outcrop on Searles Point. The formation was laid d o w n as a stacked and lateral succession
of cross-bedded dune units, with several generations of accretion evident in outcrops at
Neds Beach, Middle Beach and Old Settlement Beach where successive units are separated
by well-developed palaeosols.

The younger aeolianite is evident at all the major study sites. Cliffed exposures reveal
consists of up to four dune units and one beach unit composed predominantly of very palebrown to yellowish-brown, moderately- to weakly-cemented grainstone, classified as the
Neds Beach Formation (Table 3.7). The outcrop at Old Settlement Beach, Signal Point,
Cobbys Corner, Johnsons Beach and The Big Slope comprise thick dune cross-bedded
units separated by sandy to clayey-sand protosols. Protosols range from bed sets with
minor pedogenic alteration and small scattered rhizoliths, which record short pauses in
dune accretion, to brown fossiliferous massive beds which record one or more significant,
possibly island-wide hiatuses (as suggested by the Middle Beach protosol which crops out
at Neds Beach and Middle Beach). Shallow marine units, at or near the base of the
formation, are evident at Neds Beach, Old Settlement Beach and the Lagoon boat ramp
where they onlap older dune units of the Searles Point Formation. Beach units are also
exposed at Lovers Bay and, probably, North Bay where they onlap basalt.
The top dune unit of the Neds Beach Formation can be traced between Neds Beach and
Middle Beach, west to the quarry cuttings and, possibly, to Signal Point on the west coast.
This unit is lithologically distinct from the lower dune units, lacking any visible dark
volcanic grains or diagenetic colouration, but displays a similar degree of cementation to
the units below. Therefore, it was classified as the Middle Beach M e m b e r (Table 3.7) of
the Neds Beach Formation. In contrast, between Cobbys Corner and Lovers Bay, the
aeolianite is a distinctive brownish-yellow colour, reflecting a relatively high proportion of
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Table 3.7: Distinctive aspects of the stratigraphy,
proposed formal lithostratigraphic units.
Formation
Member
Middle Beach
Member

Neds Beach
Aeolianite
Formation

Cobbys C o m e r
Member

Searles P o i n t

Aeolianite
Formation

lithology and

morphology

of the

Distinctive visible
Stratigraphic setting M a x i m u m
lithologic characteristics
thickness

Type section

white, lightly-cemented
grainstone

top dune unit at Neds
Beach and Middle Beach

23 m a t
Middle Beach

Send of Middle
Beach, site 17

very pale brown - brownish
yellow, lightly to
moderately-cemented
grainstone; pebbly
grainstone (beach) units;
weakly- and well-developed
protosols

dune and beach units
overlie the Searles
Point Formation at
Neds Beach, Middle
Beach and Lagoon boat
ramp, but overlies
basalt at Lovers Bay

35 m at
Middle Beach

E end of Neds
Beach, site 3;
additional
reference
section, N end
Middle Beach,
site 2b

11 m a t
Cobbys
Comer

Cobbys Comer,
site 2

brownish yellow dune units between
yellowish brown, moderately Cobbys C o m e r and
Lovers Bay
to lightly-cemented
grainstone; abundant dark
volcanic grains; pale brown
clay-rich cement; weakly
developed protosols
pale-brown - yellow,
heavily-cemented grainstone;
karstified, subaerially
exposed relict speleothems;
clay-rich palaeosol units

basal aeolianite unit at
Neds Beach, Middle
Beach, Lagoon boat
ramp and North Bay
where it overlies basalt.
Erosively onlapped by
beach units of the Neds
Beach Formation at
Neds Beach, Old
Settlement Beach and
Lagoon boat ramp.

~8 m at main Searles Point;
outcrop, ~20 additional
m at North
reference
sections, site 5
Bay
Neds Beach,
site lb Middle
Beach.
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dark volcanic grains and pale brown cement. This aeolianite is therefore provisionally
classified as the Cobbys C o m e r M e m b e r of the Neds Beach Formation (Table 3.7).

Although Middle Beach and Neds Beach have a similar sequence of thick dune units
separated by protosols, which in turn overlie the Searles Point Formation, the shallow
marine unit exposed at Neds Beach was not emplaced or is not exposed at Middle Beach.
At North Bay, thick dune cross-bedded units are well-cemented and have experienced
significant dissolution along the contact of the basalt and aeolianite, and subsequent
slumping. They appear to be part of the older generation of aeolianite, the Searles Point
Formation. D u n e beds and sets of low-angle cross-bedding interpreted as possibly a beach
unit, crop out along a section of the North Bay shoreline. This outcrop does not exhibit the
subsurface karst features evident in the outcrops further inland and m a y be significantly
younger than those thick dune units. The outcrops along the shoreline are provisionally
classified as part of the Neds Beach Formation.

The most recendy published geological map of the island classifies all aeolianite as one
formation, the Neds Beach Calcarenite (scale 1:15,000, published by the Department of
Mineral Resources, 1987; based on McDougall et al, 1981; Standard, 1963). There are
several cartographic errors on this m a p regarding the distribution of aeolianite. Most
notably, Searles Point, composed of cross-bedded dune units, is incorrectly mapped as
Roach Island Tuff, while Blackburn Island (inside the Lagoon) is mapped as calcarenite
rather than North Ridge Basalt. Minor omissions are the outcrops of aeolianite on the
northern flank of Old Gulch and on the northern shore of The Big Slope. A m a p of the
lithostratigraphic units proposed above is presented in Chapter 7, following assessment of
the stratigraphic interpretations with geochronological determinations of samples from
several units (Chapters 5 and 6).
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3.16 Stratigraphy of the aeolianite: conclusions
The detailed examination of the stratigraphic architecture and lithologic features of the
aeolianite has provided several n e w insights into the stratigraphy of the aeolianite and the
palaeoenvironmental records preserved in this carbonate deposit. The principal findings in
this chapter are outlined in the following points:

1) Aeolianite on Lord Howe Island is composed of multiple generations of carbonate
which can be classified into 2 lithostratigraphic formations, the Searles Point Aeolianite
Formation and the younger Neds Beach Aeolianite Formation.
2) Units in the Searles Point Formation have experienced considerable diagenetic
alteration, exhibiting heavy cementation and karstification. They comprise pale brown to
yellow dune and clay-rich palaeosol units. The palaeosols represent major periods of
subaerial exposure. The base of the succession onlaps basalt and it is overlain by the Neds
Beach Formation. The Neds Beach Formation is composed of white to yellowish-brown,
lightiy to moderately cemented dune and beach units. The formation includes protosols
which record minor pauses in sedimentation and one significant hiatus. The base of the
formation overlies the Searles Point Formation or basalt. The N e d Beach Formation is
onlapped by Holocene and modern beach, estuarine and dune deposits at several sites.
3) Dune units of the Searles Point Formation were emplaced by predominantly westerly
and southerly winds, with some evidence of low linear and lobate dune ridges at Middle
Beach and Old Settlement Beach, although generally little dune morphology is discernible.
In contrast, considerable morphology is evident in the Neds Beach Formation in which
dunes have accreted as thick, likely source-bordering or oblique transverse to lobate dune
ridges emplaced by onshore winds on both sides of the island. Beach units are also evident
in several outcrops of the Neds Beach Formation, recording open shorelines on both the
east and west coasts.
4) Several allostratigraphic units were identified in successions at the main areas of
outcrop: Neds Beach - Middle Beach; North Bay; Old Settlement Beach - northern end of
Lagoon Beach and; Cobbys Corner - Johnsons Beach. These units define phases of
sedimentation separated by significant hiatuses during which palaeosols developed on the
carbonate. At Neds Beach, the Searles Point Formation includes up to 7 major
allostratigaphic units, while the Neds Beach Formation includes two major units.
However, the number of allostratigraphic units identified varies between the main areas of
outcrop.

Chapter 3: Stratigraphy

The stratigraphic interpretations presented in this chapter provide the framework against
which geochronological determinations in Chapters 5 and 6 can be assessed. The
stratigraphy identified in this chapter will also form the framework of an island-wide
chronostratigraphy of the aeolianite that is proposed in Chapter 7. T h e field-based
interpretations of the relative diagenetic maturity of units that have been described in this
chapter will in Chapter 4 be compared with petrological data of a range of samples from the
succession.
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Chapter 4: Petrological aspects of the aeolianite

4.1 Introduction
Analysis of the fabric and texture of aeolianite has been shown to provide significant
insights into the provenance, environment of deposition and depositional history of these
sediments (e.g. Land, 1970; Schroeder, 1973; Milliman, 1974, Fliigel, 1982; Vollbrecht
and Meischner, 1993). Also, in generally homogenous deposits like aeolianite, where
successive units have experienced a similar depositional environment, the degree of
diagenesis evident in samples m a y provide an indication of the relative age of the units
(e.g. Land et al, 1967; Gavish and Friedman, 1969; L o n g m a n , 1980; Reeckman and
Gill, 1981; Vacher et al, 1995; Kindler and Hearty, 1996).

As applied to the present study, observations of samples in thin sections provide a mean
of corroborating interpretations of depositional environment in the aeolianite that were
based on field observations of sedimentary architecture and lithological appearance
described in Chapter 3. Furthermore, the lithostratigraphic classification proposed in
Chapter 3 is tested in this chapter by an examination of the diagenetic maturity and
composition of sample material from the different lithostratigraphic units. Identifying the
granular composition of units provides important background for the A A R 'whole-rock'
dating program discussed in Chapter 6.

In contrast to numerous past studies, which identified most aeolianites as fine to medi
grained, predominantly skeletal deposits ( M c K e e and Ward, 1983; Gardner, 1983), the
aeolianite outcrops of Lord H o w e Island were observed to contain, in some locations,
relatively coarse grains. A quantitative assessment is required to clearly define grain size
and to identify any patterns in the units sampled. Grain size m a y be related to the m o d e of
emplacement or depositional setting of the sediments, for example, indications of beach
or dune sedimentation and the identification of dunes as distal or proximal to source
areas. Alternatively, it m a y be related to the nature of the skeletal carbonate grains, with
more porous grains generally larger due to their relatively lower density.
The petrology of aeolianite on Lord Howe Island has previously been examined by
Mattes (1974). Mattes' thesis focused on the bulk carbonate mineralogy of modern
sediment and outcrops of aeolianite at several sites. A s discussed in Chapters 2 and 3,
Mattes divided the aeolianite into recrystallised and unrecrystallised units, the highly
altered character of the latter units being considered a product of intense diagenesis at
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sites of elevated groundwater flow (Mattes, 1974). The present study builds on the work
of Mattes by testing whether the degree of diagenesis is related to stratigraphic position,
as identified in Chapter 3, rather than localised alteration.

In this chapter, grain size, composition and diagenetic features of aeolianite samples
the main study sites are examined to provide insights into their depositional history,
lithology, provenance, environment of deposition and relative age. T h e methods
employed are briefly described, details being provided in Appendix 2. T o provide a
petrological background to the ensuing descriptions of thin sections, several past studies
of carbonate diagenesis in freshwater and coastal environments are reviewed, followed
by a discussion of the petrological findings of Mattes (1974).

4.2 Methods
Thin sections were cut perpendicular to laminae to examine variations in grain size and
composition that m a y occur between the lamina (e.g. Caputo, 1995). The weakly lithified
samples required several impregnations of resin before they were strong enough for
cutting and grinding. In a few instances, pores not filled with resin were exposed during
final grinding of the thin section. Also, during grinding s o m e grains were plucked or
weaker grains occasionally disintegrated, leaving a well defined grain cavity. S o m e
samples required grinding below the normal thickness (i.e. 0.030 m m ) to facilitate
identification of fossil microstructures. The relatively high clay content of samples from
caves at North Bay and from the base of the aeolianite cliff at The Big Slope, resulted in
fracturing of the samples during drying and difficulties with resin impregnation.
Therefore, these samples were found to be unsuitable for point counting and were
examined qualitatively.
Grain size measurements of thin-section samples (Friedman, 1958) have recently been
reviewed by Johnson (1994) and the original method reconfirmed by Friedman (1996).
For grain size measurement, the long axis of 100 grains was measured or, where grain
alignment was obvious, both axes were measured (Johnson, 1994). Grain size data for
the samples examined, as well as the sorting and skewness classes used, are shown in
Table 4.1. Graphical descriptive statistics for the data were calculated following methods
outlined in Folk (1974).
The quantitative measurement of the composition of the aeolianite samples involved the
identification of 400 points in each thin section (data are presented in Table 4.2). Where
thin sections were unsuitable for point counting, due to a loss of material during
preparation or to a relatively high clay content, semi-quantitative comparison charts were
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used to provide an estimate of granular composition, as reported in the thin-section
descriptions below. The comparison charts and the point counting methods are described
in Fliigel (1982) and Tucker (1988).

An assessment of the granular composition of the samples examined in thin sections
relied on the identification of grain types based primarily on microstructures preserved in
the grains and, in some instances, the overall grain morphology (e.g. elongate mollusc
fragments). The diagnostic structural and morphological features used to identify the
skeletal fragments of a range of carbonate organisms (red algae, bryozoan, mollusc,
fonunmifer, coral, echinoderm) are provided in Appendix 2.

A small to considerable percentage (3.8 - 24.5%) of the carbonate grains examined could
not be positively identified due to a lack of diagnostic internal structure or distinctive
morphology. These grains are classed as "unknown" in Table 4.2. They m a y include an
unknown, but likely, very small percentage of non-biogenic grains, for example,
reworked calcite cements or eroded calcite speleothems. S o m e mollusc, bryozoan and, to
a lesser extent, coral fragments in these samples lack sufficient or distinctive structural
features and are therefore likely to be the major faunal types comprising the "unknown"
category. Diagenetically altered grains that have been recrystallised or replaced by calcite
cement were counted as "recrystallised" (Table 4.2).

Carbonate grains were further grouped into skeletal and peloidal categories (Table 4.2)
The skeletal category includes all grains with distinctive skeletal microstructures and the
unknown carbonate grains. Peloidal grains are those classed as micritic in Table 4.2,
which includes faecal pellets (discussed in Appendix 2).
Varying proportions of grains originating from volcanic source rocks were found in most
samples. These grains included olivine, augite, feldspar, magnetite and ilmenite minerals,
and fragments of basalt. They were recorded as "volcanic" grains (Table 4.2; discussed
in Appendix 2).
Compositional data were analysed using statistical clustering techniques. This
discriminative statistical method is useful for objectively identifying any "natural" groups
in data with numerous samples and variables (Hair et al, 1992). A P C Basic program
was employed using the Cosine-theta clustering algorithm. This hierarchical,
agglomerative procedure employs a multidimensional coordinate system in which
samples are represented as vectors and similarity is measured as the angle between
vectors (Harbaugh and Merriam, 1968). Q- and R-mode clustering was undertaken. In Q
mode, samples are clustered based on the grain types they contain, while the R-mode
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provides clusters of grain types based on the samples in which they occur. Using the
J M P statistical program ( S A S Institute, 1994) the Wards clustering method was also
adopted to compare with the results of the Cosine-theta method. The Wards method
employs a hierarchical clustering algorithm in which the similarity or distance between
two clusters is the s u m of squares between the two clusters, s u m m e d over all variables.
These clustering methods have been widely used with biological and geological data
(Harbaugh and Merriam, 1968; Hair et al, 1992). The Cosine-theta algorithm is
described in detail in Harbaugh and Merriam (1968), while the W a r d s algorithm is
examined in Johnson and Wichern (1990). The significance of the difference in mean
values of the major clusters identified is assessed with t-tests and Mann-Whitney U-tests
(as described in Zar, 1984) using the StatView (Abacus Concepts, 1996) program.

4.3 The petrology of Pleistocene aeolianites
In their review of the global distribution and composition of aeolianite, M c K e e and Ward
(1983) found that most deposits studied were composed of fine- to medium-grained,
well-sorted grainstone. However, clay has been reported where offshore winds have
delivered inland dust to the coast ( M c K e e and Ward, 1983; Zhou, 1994). Gardner (1983)
considered clay rare in aeolianites, as it is usually removed in suspension by wind, and
reported that most studies of aeolianite found that they were composed of medium sandsized grains with well-sorted, and often positively skewed, populations. However, mudpellets, from dried lagoonal sediment, could be incorporated into littoral dunes (as
reported for inland aeolianites in Nanson et al, 1988). Gardner (1983) also noted that
dissolution in aeolianites m a y influence the measured grain-size distributions.

Skeletal carbonate grains are frequently platelike compared with the more spherical ooi
or siliceous grains. Also, red algal grains are mostly rod shaped and foraminiferal grains
generally discoidal (Gardner, 1983), giving them the potential to be transported relatively
further than the more spherical grains. Likewise, foraminiferal and algal grains, with
relatively high porosity, m a y be differentially sorted due to their relatively low density
compared with other skeletal and non-skeletal grains of similar size.
Grain fabric of aeolianite may be difficult to define in thin sections, for example, a
supported rock fabric viewed in thin section will reveal a number of grain surfaces that
m a y not be in contact with other grains but floating in a matrix, cement or in pore space.
Therefore, where sediment contains a significant matrix, it m a y be difficult to distinguish
between wackestone, which contains grains supported by a m u d d y matrix, and packstone
in which grains form a self-supporting framework and m u d fills the granular interstices
(Dunham, 1962; Tucker and Wright, 1990). This problem is due to the two-dimensional
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view afforded by thin sections while rock fabric is a three-dimensional feature. In some
cases, irregular grain shapes m a y form a self-supporting framework in which as little as
20 to 3 0 % of volume is actually grains (Tucker and Wright, 1990), indicating the need to
also examine hand specimens.

Packstones may contain mud incorporated with the grains at the time of deposition,
forming a matrix or sometimes geopetal sediment. Micrite which is deposited on the
surface of sediment is therefore a true matrix. Also, a packstone fabric m a y develop in
aeolianite through diagenetic processes, for example, m u d m a y be washed into voids as a
sieve deposit. This diagenetically-precipitated micrite is classified as a cement (Fliigel,
1982). Thus, the fabric of aeolianite m a y reflect both depositional and diagenetic
components, and a descriptive classification needs to indicate the role diagenesis has
played in the fabric form (Tucker and Wright, 1990).
Diagenetic processes in freshwater and marine environments, especially the form and
process of cementation, are briefly summarised below, based on several major reviews of
this topic (Bathurst, 1975; Fliigel, 1982; Tucker and Bathurst, 1990; Dickson, 1990;
Tucker and Wright, 1990; Rao, 1997). The granular components of the aeolianite
samples were identified using criteria provided in past descriptive studies of skeletal
carbonate grains in thin section (Horowitz and Potter, 1971; Milliman, 1974; Bathurst,
1975; Scholle, 1978; Fliigel, 1982; A d a m s etal, 1984; Brasier, 1992; Friedman etal,
1992). Summaries of these criteria are provided in Appendix 2.

4.3.1 Carbonate diagenetic processes
The diagenesis of carbonate sediments involves large-scale processes of cementation and
dissolution and smaller-scale processes related to the development of microporosity, the
transformation and recrystallisation of the less stable polymorphs of calcium carbonate,
and the related changes in the isotopic signatures of carbonate minerals (Tucker and
Bathurst, 1990).

Carbonate dissolution occurs where there is undersaturation of CaC03. This is created b
low water temperatures, a high partial pressure for carbon dioxide (PCO2), low p H and
increasing hydrostatic pressures (Tucker and Wright, 1990). In tidal zones, saturation is
affected by diurnal and seasonal fluctuations in water temperature, and the PO2 - PCO2
fluctuations (Revelle and Emery, 1957). Also, carbonate sediments have varying rates of
dissolution: those with a lower porosity, a function of both pore space and the amount
and type of matrix and cement, slow d o w n the process of meteoric diagenesis; organic
substances and their decay products can increase carbonate dissolution; aragonitic and
high magnesium calcite tests have high solubilities; crystals with a higher surface/volume
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ratio have a greater chance of dissolution; and carbonate tests with pores in their walls are
more susceptible to dissolution (Fliigel, 1982).

Particular cement forms have been shown to be precipitated in meteoric, shallow marine
and deep water marine environments. Cements precipitated in each environment have a
characteristic chemistry, which is dependent on the various stabilities of carbonate
minerals (Fliigel, 1982):
Submarine environment stability:
calcite (< 4 M o l % M g C O a ) > low-magnesium calcite (>4 - < 1 2 M o l % M g C 0 3 ) >
aragonite > high-Mg calcite (> 12 M o l % M g C O s ) .
Meteoric environment stability:
calcite > aragonite > high-Mg calcite.

The Mg content of cement is also related to latitude, water temperature and depth, and t
physiology of biota involved in biological calcification (Dickson, 1990; Rao, 1996). The
mineralogy and fabric of the host substrate influence not only the mineralogy and fabric
of the cement, but also influence the rate at which different types of cement will occlude
the porosity (Bathurst, 1975, p.456). The crystal habit of cements is determined by the
porewater chemistry, the rate of porewater flow and m a y also reflect microenvironments
within pores (Fliigel, 1982).
Cements are classified according to their crystalline form and mineralogy. Common terms
used to describe cement form, adopted in this study, are:
Sparite: calcite crystal sizes generally larger than 10 um, clear or light coloured
translucent crystals. T w o forms of sparite m a y be evident related to different diagenetic
processes:
a) Orthosparite: originates as cement in intergranular or intragranular pores in grainsupported sediment. T w o or more generations of cement are c o m m o n , however, no relict
structures are evident, as in neomorphic sparite. Micritic envelopes around grains are not
inverted into sparite and there is a well-defined boundary between the sparite and grain.
There is often an increase in the size of sparite grains away from the overgrowth plane
(Bathurst, 1975; Fliigel, 1982); and
b) Pseudosparite: formed by neomorphic processes where aragonite and high-Mg calcite
are transformed or recrystallised into calcite. A s a result, crystal size increases towards
the centres of pores, and crystals are relatively large, often 50-100 \im. Also, large
elongate crystals often grow out from the surface of micritic areas and patches of sparite
m a y be evident within micrite. Relict micritic structures m a y also be preserved within
sparry mosaics. T h e crystal interfaces of the sparite are usually curved. However, it is
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difficult to clearly separate orthosparite from pseudosparite (Bathurst, 1975; Fliigel,
1982).
Microsparite: calcite or Mg calcite crystals less than 10 |im and larger than 4 |j.m,
equant subhedral or euhedral calcite crystals, and often with clay and organic matter
between crystals. Microsparite is formed withby the recrystallisation of micrite following
the loss of M g + + ions caused by changes in salinity, by adsorption of M g onto clay
minerals, or by rainwater and surficial weathering (Fliigel, 1982).

Micrite: crystal size less than 4 microns. In micritic cements sections of relatively c
andfinergrains are typical (Fliigel, 1982; Tucker and Wright, 1990).
4.3.2 Meteoric vadose diagenesis
The vadose zone occurs below the land surface and above the water table. Within this
zone, w h e n thin films of meteoric water are maintained between grains for a sufficient
period, microcrystalline equant crystals of mostly l o w - M g calcite or occasionally
aragonite form meniscus or rim cements (Fliigel, 1982; Tucker and Wright, 1990).
Several different cement types, however, have been recorded for the vadose zone. In a
study of vadose cements in Last Interglacial aeolianites from Mallorca, Tunisia and the
Bahamas, McLaren (1993) found the following cement types, in combination, to be
characteristic of early vadose diagenesis:
meniscus cement: bladed low-Mg calcite crystals, 5-25 |0,m, which precipitate at grain
contacts and have concave menisci. This cement is typical of the vadose zone (Tucker and
Wright, 1990). It appears to develop best in wetter environments where there is an
abundant, butfluctuating,supply of water;
rim cement: echinoderm grains often have syntaxial rim cement precipitated in optical
continuity with the grain while the most c o m m o n rim cement is scalenohedral spar or
'dog tooth crystals' ( 1 0 - 5 0 fim). This cement is usually found as a discontinuous layer
of low-Mg calcite around grains;

pore-filling cements: although considered characteristic of the phreatic zone (Fliigel,
1982; Tucker and Wright, 1990), pore-filling cements m a y be c o m m o n vadose cements
in Last Interglacial aeolianites (McLaren, 1993). These cements consist of 10 - 200 [xm
(usually less than 100 urn) low-Mg calcite crystals, with crystal size increasing towards
the centres of pores. Crystal size is controlled by pore size which is usually larger in less
well-sorted deposits (McLaren, 1993). In the deposits examined by McLaren (1993), few
pores were found to be totally occluded by this cement, and it was more frequently found
infinergrain deposits or laminae and was more c o m m o n in the upper section of the
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vadose zone. Pore-filling cements can develop at the same time as rim and meniscus
cements and, therefore, are not necessarily a secondary cement (McLaren, 1993); and
needle fibre cements: cement crystal fibres range from 20 - 180 jam, have a random
orientation and appear restricted to the upper vadose zone where roots grow (McLaren,
1993). Here, needle fibres are associated with soil and root microbial activity, and may
represent the calcification of fungal mycelia. Therefore, needle fibre cement is indicative
of a near-surface environment (McLaren, 1993). Also in this zone, rootlets m a y be
calcified into rhizoliths (Harwood, 1988; McLaren, 1993: Fig. 5.25, p.141 and pp.147148; Tucker and Bathurst, 1990: p. 181; Fliigel, 1982). However, needle fibre or needle
meshwork aragonitic cements are also c o m m o n in modern carbonate reef environments
(Tucker and Wright, 1990) and in beachrock (Tucker and Bathurst, 1990).

Gardner and McLaren (1994) found that early vadose carbonate diagenesis is related to
wide range of processes that result in a variety of diagenetic products. Diagenesis was
considered to be controlled by a range of variables at scales ranging from macro:
tectonics, climate, sea level and lithofacies; to meso: position of the water table,
vegetation, sediment texture and composition, and sea spray; and micro: pore-water
chemistry, rate of pore-water flow and grain microstructure and mineralogy. In their
diagrammatic model of early vadose diagenesis (Gardner and McLaren, 1994: Fig. 2,
p.39) bioclastic sediments less than 100 ka will tend to be characterised by low-Mg
calcite meniscus and pore-filling cements with primary porosity preserved in the larger
pores. W h e r e these sediments are highly exposed to sea spray, primary porosity will
decrease while secondary porosity will develop with dissolution of allochemical
constituents. Significantly, they noted the variability of diagenetic products with changes
in environmental conditions and the amount of pore-filling cements that will be
precipitated.

In the Late Pleistocene aeolianite examined by Gardner and McLaren (1994), the rate at
which diagenesis proceeds and the diagenetic pathway followed was often found to be
site specific. Thus, models that define stages of carbonate diagenesis over time (e.g.
Gavish and Friedman, 1969; Longman, 1980) are not necessarily applicable to areas
outside those where they are developed (Gardner and McLaren, 1993). Relatively
detailed chronostratigraphic studies of Middle to Late Pleistocene aeolianites on Bermuda
(e.g. Land et al, 1967; Harmon, 1981; 1987; Hearty and Vacher, 1992; Vacher et al,
1995) and the Bahamas (e.g. Hearty and Kindler, 1993; Kindler and Hearty, 1997;
Hearty and Kindler, 1997; Hearty, 1998), however, have shown that the general concept
of increasing diagenetic maturity with age holds true for many large-scale outcrops.
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The upper vadose zone has been considered as the zone of grain dissolution, especially
aragonitic grains, due to the actions of undersaturated, slightly acidic rainwater (Bathurst,
1975, Tucker and Wright, 1990; Friedman et al, 1992). In contrast to the findings of
earlier studies, Gardner and McLaren (1993) emphasised that in their studies of aeolianite
of approximately Last Interglacial age at a number of locations in different climatic belts
(coastal sites in O m a n , Mallorca, Tunisia, B a h a m a s and southern India) they did not
detect a zone of dissolution overlying a zone of cementation in the vadose environment.
These findings are similar to those of an earlier study of the Middle Pleistocene Belmont
Formation of B e r m u d a (Land, 1970). Land found that lithification occurred in the upper
part of the vadose zone due to the influence of soil on carbonate precipitation, whereas in
the vadose zone below the soil little alteration or cementation w a s found. Most
cementation and stabilisation to l o w - M g calcite occurred in the upper part of the phreatic
zone (Land, 1970). Gardner and McLaren (1993) also found that at some locations only a
minor amount of the cement was derived from the dissolution of allochemical constituents
and the precipitation of pore-filling cement can occur without the substantial dissolution
of aragonitic and high-Mg calcite grains as the cement m a y be primarily allochthonous
(e.g. from overland flow, capillaryrisefrom the water table and sea spray). They found
that early vadose diagenesis did not conform to a progressive sequence and that the
vadose zone could be characterised by the variability of its diagenetic fabric and rate
(Gardner and McLaren, 1993). Mattes (1974) also noted the considerable variability in
the diagenetic maturity of the dune units on Lord H o w e Island and suggested this was
controlled by the position of the water table - outcrops exhibiting more intense diagenesis
occurred where the water table had been relatively high. Although it was shown in
Chapter 3 that Mattes' (1974) stratigraphic conclusions were not necessarily correct,
when related to the older aeolianite succession, his interpretations appear applicable to the
Late Pleistocene dune and beach deposits. Similar outcrops at several other locations
(Gardner and McLaren, 1994) are also characterised by the patchy nature of their porefilling cements, which is at least partially due to variations in the level of the water table,
with moderate- to well-cemented sections often adjacent to friable, unaltered outcrops.
Vadose cements, precipitated in the later stages of vadose diagenesis, are also
characterised by inclusions of diagenetic sediment, termed vadose silt (Dunham, 1962;
Fliigel, 1982). This sediment is mechanically deposited silt-sized calcite crystals or siltsized aggregates of pellets which accumulate with the erosion of fibrous or drusy cements
in secondary voids, solution vugs, interstices or primary vugs in crumbly carbonate
rocks, possibly after a period of phreatic diagenesis (Fliigel, 1980: p.79). Neomorphism,
also c o m m o n in later stage diagenesis, results in the loss of most grain textures. High-Mg
calcite grains, however, such as coralline algae, can invert to calcite without losing their
original texture (Fliigel, 1982: p.79).
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Gardner and McLaren (1994) concluded that continued vadose diagenesis in carbonate
deposits would eventually result in a c o m m o n diagenetic end-point, with stable low-Mg
calcite pore-filling cement, the replacement of all aragonitic grains and the conversion of
high-Mg calcite to low-Mg calcite. This diagenetic sequence appears to have occurred in
the calcarenite at Warrnambool, southeastern Australia, where a succession of units range
in age from middle Holocene to Middle Pleistocene (Reeckman and Gill, 1981).
However, deposits m a y never reach this end-point due to changes in environmental
conditions or, where they do, there will be considerable variations in the amount of porefilling cement (Gardner and McLaren, 1994). Indeed, it has been shown that in Last
Interglacial oolitic calcarenite the development of early pore-filling cements, mouldic
porosity and dissolution controlled by channel development creates preferred paths for
water movement, isolating sections of rock which retain a high percentage of original
aragonite (Evans and Ginsberg, 1987).

Although variations in the diagenetic state of specific generations of aeolianite are
c o m m o n , the well-dated successions on Bermuda and the Bahamas clearly demonstrate
that w h e n viewed in large-scale outcrops, the diagenetic maturity of successive
Pleistocene highstand aeolianites correlates closely with the age of the deposit. However,
after reaching a diagenetically mature state in which the aeolianite is well-cemented,
outcrops are less likely to be differentiated in thefield(Vacher et al, 1995).
4.3.3 Karst development
Following at least partial lithification, water movement within the vadose zone m a y be
confined or concentrated into conduit flow, especially along discontinuities (Tucker and
Wright, 1990). The development of soil will increase the dissolution potential of the
vadose water with the input of organic acids and atmospheric C O 2 (Bathurst, 1975).
Where there is sufficient water movement, significant dissolution will occur leading to the
formation offissuresand caves. This process is quite complex, especially in the subaerial
and meteoric vadose environments, where rainwater is sporadically delivered and large
temperature variations occur with diurnal and seasonal cooling (Bathurst, 1975).
Dissolution m a y also be intense at the air-calcarenite interface, where rock can develop an
irregular corrosional topography, and at the soil-carbonate interface - aeolianite below a
soil m a y have a PC02 up to ten times less than the overlying soil (Bathurst, 1975). This
dissolution results in the formation of a variety of landforms and subsurface features
termed karren (Williams, 1978; Tucker and Wright, 1990).
Subsurface karst may also develop in mixing zones where vadose and phreatic waters
meet or where fresh phreatic waters mix with marine phreatic waters (Back et al, 1984).
The differences in PC02, temperature, salinity, calcite saturation and p H result in 'mixing
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corrosion' where large-scale dissolution occurs (Smart et al, 1988). Caves developed by
both processes have been described in the Pleistocene aeolianites on several islands in the
Bahamas (Mylroie et al, 1995). In Bermuda, caves have mostly developed with
dissolution (and subsequent vertical stoping) by vadose cave streams which flow along
the contact between calcarenite and basalt, during lower sea levels. In contrast, most
Bahaman caves developed around the margin of thefreshwaterlens, in the zone of mixed
freshwater and saline waters (Mylroie et al, 1995). In the Bahamas, smaller caves have
also formed in interior island positions due to dissolution along vadose pathways or in
pockets at the top of afreshwaterlens (Mylroie et al, 1995)
The formation of caves often appears to be a later-stage diagenetic process, with no
reports of significant subsurface karst in Last Interglacial calcarenites from several sites
around the world (Gardner and McLaren, 1993). In the Bahamas, the pre-Sangamonian
rocks contain extensive cave development, such as the bioclastic aeolianites of the Owls
Hole Formation, deposited during or before oxygen isotope stage 7, on San Salvador
Island (Mylroie et al, 1995). Caves have also developed at the margins of some
Bahaman islands, within carbonate apparently deposited during oxygen isotope substage
5e (Mylroie et al, 1995). These 'flank-margin' caves developed rapidly in the mixing
zone during the Last Interglacial high sea level. Flowstones in these caves have U/Th
ages up to a m a x i m u m of 70 ka (Carew and Mylroie, 1995a). The flowstone chronology
indicates that by 70 ka the caves had developed and the water table had dropped below
the caves, allowing the precipitation of secondary calcite (Carew and Mylroie, 1995a).
Cave calcite in some Bermudan caves has been dated by the U/Th method as 200 ka
(Harmon et al, 1983), suggesting a pre-penultimate interglacial or older age for the host
aeolianite units. Aeolianite on Lord H o w e Island at North Bay, in which significant kast
is relatively c o m m o n , and at the Lagoon boat ramp and Searles Point, where remnant
flowstones were found, were mapped as part of the older (Middle Pleistocene) aeolianite
succession, the Searles Point Formation (Chapter 3).

4.3.4 Meteoric phreatic diagenesis
Below the water table, in the meteoric phreatic zone, all pore space is filled byfluid.The
phreatic lens m a y be quite thin in low-relief islands, m a y overlie marine water and with a
sufficient hydrostatic head, m a y extend seawards under the sea floor (Back et al, 1984;
Tucker and Wright, 1990).

The meteoric phreatic environment has been divided into undersaturated, active satura
and stagnant zones (Fliigel, 1980). Where fractures, caves or sinkholes have formed,
undersaturated water m a y reach the phreatic zones and dissolution of carbonate grains
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will create vuggy and mouldic porosity. W h e r e circulating pore water is saturated or
supersaturated in carbonate, extensive cementation is likely and drusy calcite cements
rapidlyfillpores and aragonite is replaced by calcite. Calcite cements are precipitated
around all grains and crystals grow outwards from the grains and into voids forming
clear, bladed or equant isopachous calcite spar, which often coarsens towards pore
centres (crystal diameter m a y be up to several millimetres, Fliigel, 1982).

Syntaxial overgrowths on echinoderm fragments have been considered characteristic of
the active phreatic zone (Fliigel, 1982). However, as detailed in McLaren (1993),
syntaxial overgrowths m a y be a c o m m o n product of early vadose diagenesis where
echinoderm grains are present. In the lower section of the phreatic zone, water movement
m a y be very slow and little cementation will occur, but recrystallisation of aragonite to
calcite m a y proceed (Fliigel, 1982; Tucker and Bathurst, 1990).

Deep in the phreatic zone, a reduced freshwater phreatic environment may develop. Here,
changes in temperature, pressure and p H m a y allow ferrous iron to be removed from
clays and substituted into calcite. Cements in this zone therefore m a y be characterised by
their iron content (Fliigel, 1982).

Diffusion and mixing occurs between the meteoric phreatic and the underlying saline
waters forming a transition or mixing zone where dolomitization and dissolution occurs
(Tucker and Wright, 1990). Considerable dissolution m a y occur in this mixing zone with
corrosional dissolution capable of producing a 'Swiss-cheese' structure (Back et al,
1984) and the formation of large caves, as seen on several B a h a m a n Islands (Mylroie et
al, 1995).
4.3.5 Shallow water marine diagenesis
Cementation of sediments in a submarine environment is usually not associated with
dissolution of grains, indicating an allochthonous origin for the cement. The source of the
cement is carbonate-saturated sea water which flows into sediment under the influence of
tidal currents, wave currents and bottom turbulence (Tucker and Wright, 1990). Cements
precipitated in a submarine environment are distinctively finely crystalline aragonite or
high-magnesium calcite, as seen in the reefs of Bermuda, Jamaica and the Red Sea
(Friedman etal, 1974; Fliigel, 1982).
Within the intertidal zone, evaporation is high and moving pore waters become
supersaturated in carbonate, often leading to the rapid precipitation of cement (Friedman
etal, 1992). Beach sediment is cemented into beachrock with the precipitation of acicular
aragonite and micritic high-Mg calcite meniscus and pendulous forms in the upper
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intertidal zone. In the lower section of the intertidal zone, isopachous and meshwork
needle-like aragonite and bladed M g calcite crystals are c o m m o n . Isopachous acicular or
fibrous cement is composed of palisade-like overgrowths normal to the grains and often
appears brownish due to submicroscopic inclusions (Fliigel, 1982: p.68-69; Tucker and
Wright, 1990: p.322). A s porosity decreases in intertidal rock, phreatic
microenvironments develop and the diagnostic cement fabrics m a y form higher in the
intertidal zone (Bathurst, 1975; Fliigel, 1982). Aeolianite in the intertidal and shallow
subtidal zone on San Salvador Island was found to be secondarily cemented by
dominandy acicular isopachous intergranular and intragranular aragonite cement (White,
1995). Conversely, in deep ocean settings, cyrptocrystalline M g calcite cements appear
predominant (Fliigel, 1982).

Cementation similar to that found in the upper intertidal zone also occurs in the su
zones frequently flooded by seawater (Tucker and Wright, 1990). In and beyond the
supratidal zone, dissolution and cementation m a y be enhanced by sea spray - mixing of
sea spray and vadose water results in mixing corrosion, creating secondary porosity
(McLaren, 1995). In these settings, cements are typically low-Mg calcite, derived from
the allochems, minor high-Mg calcite from the sea spray and neomorphic spar formed
with grain alteration (McLaren, 1995).
With changes in environmental conditions, different generations of cement may be
deposited, for example, when pore spaces remain partially open after the depositon of
fibrous aragonitic cement in a phreatic environment, a fall in sea level will produce a
vadose environment in which a second phase of cementation with M g calcite m a y occur
(Fliigel, 1982: p. 77-78). In the classic study by Land (1970), a similar history of
cementation was found in aeolianite of the Middle Pleistocene Belmont Formation of
Bermuda, where early isopachous beachrock cement underlies a coarse-grained, meteoric
phreatic cement. In a later study of Last Interglacial reef deposits in Bermuda, Schroeder
(1973) found up to four generations of cement in a single pore, with earlier submarine
cements coated by vadose blocky low-Mg calcite cement. Importantly, Schroeder (1973)
also found that sediments that have experienced a submarine environment do not always
have this recorded in a phase of marine cementation.
Also in Bermuda, at Whalebone Bay, Vollbrecht and Meischner (1993) found two
periods of phreatic marine cementation in highly altered beach sediments of the T o w n Hill
Formation (oxygen isotope stage ~9), while the overlying beach sediments of the Rocky
Formation (substage 5e), apart from s o m e non-selective dissolution, are mostly
unaltered. A similar succession was found at Grape Bay in Bermuda by Meischner et al.
(1995), where two Belmont Formation beach units (oxygen isotope substages 7a/c and
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7e) and one Rocky Bay Formation beach unit (oxygen isotope substage 5e) onlap older
dune units, at places in superposition. The older Belmont beach units have experienced
marine diagenesis with layers of high-Mg calcite isopachous cements. In contrast, the
Rocky Bay unit is devoid of interparticle marine cement, with meteoric low-Mg calcite
blocky and some meniscus cements (Meischner et al, 1995).

Where sea water moves very slowly through sediments, only minor intergranular micritic
cements are deposited, precipitation possibly enhanced by decaying organic material. In
these environments, algae and fungi m a y rapidly micritise grains (Fliigel, 1982).

4.3.6 Micritic sediments and the process of micritisation
Fliigel (1982) classified micrite into primary and secondary types. Primary micrite is
produced by precipitation related to water chemistry changes. This is associated with
changes in water temperature, salinity and energy level, changes in water chemistry
related to bacterial respiration and organic decomposition (Fliigel, 1982). Primary micrite
is also produced with the physical disintegration of calcareous algae into submicroscopic
fragments as skeletal carbonate fragments are mobilised and disintegrate; from the
borings of endolithic algae, fungi and invertebrates; with the formation of fine detritus
from bioerosion and abrasion; with organic decomposition; and from the carbonate tests
of micro and nano-organisms (Bathurst, 1975; Fliigel, 1982, Table 11, p.111).
However, in open ocean environments primary micrite is mostly derived from the
comminution of calcareous biota (Fliigel, 1982).
Secondary micrite is produced diagenetically with grain degradation after
recrystallisation, by endolithic micro-organisms, with precipitation of cryptocrystalline
cement, with the recrystallisation of peloids and with the precipitation of caliche
(Bathurst, 1975; Fliigel, 1982). Therefore, micrite is polygenetic.
On the Little Bahama Bank micrite is predominantly produced by the initial physical
disintegration of calcareous algae into submicroscopic particles (Neumann and Land,
1975). Minor contributions c o m e from the breakdown of skeletal organisms as they are
reworked in beach and bank deposits, from bioerosion by organisms which rasp or
crunch limestone, and from the precipitation of micritic aragonite and calcite by algae and
bacteria (Neumann and Land, 1975). Similar physical processes of micrite production
have been described for a number of tropical and temperate carbonate environments
(Friedman et al, 1992).

In the marine environment, bioclasts are often converted to micrite by endolithic algae
fungi and bacteria (Tucker and Wright, 1990). Grains m a y be bored around their margin
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and the holes thenfilledbyfine-grainedsediment or cement or, where microbial activity
is intense, grains can be infiltrated and completely micritised. Microbialfilaments,when
calcified, m a y be evident within micritic cements or, where they have encrusted grains,
form a micritic grain coating (Tucker and Bathurst, 1990). In the intertidal zone,
micritization is related to cyanobacterial borings, the action of endolithic algae in the
photic zone and by fungi below the photic zone (Fliigel, 1982; Tucker and Bathurst,
1990).
Diagenetically produced micrite may also form a significant component of carbonate
deposits in the meteoric environment. In southwestern Western Australia, for example,
calcretes that have developed within bioclastic carbonate sediments contain micritic
matrices that are purely secondary - they have precipitated as a cement and m a y
diagenetically replace the original grains, forming a non-pedogenic calcrete just above the
phreatic zone, in the zone of capillary rise (Semeniuk and Meagher, 1981). Also,
calcretes which appear to be formed by pedogenic processes are ubiquitous in the
calcarenites of southern Australia (Milnes and Hutton, 1983) and on Barbados (James,
1972).
4.3.7 Calcarenite porosity
The primary depositional porosity of skeletal carbonate grainstones is created by the
interstices within the self-supporting grain framework, termed intergranular porosity, and
by pores within grains, termed intragranular porosity (Choquette and Pray, 1970). With
dissolution, pores m a y be enlarged and form approximately equant vugs. With continued
dissolution channel porosity m a y develop - elongate pores with a length 10 times their
cross-section diameter, produced by lateral coalescence of pores (Choquette and Pray,
1970), possibly due to dissolution within a lamina. Secondary porosity m a y also develop
after most of the pores have been filled by cement. This is associated with changes in the
chemistry of pore water which result in the dissolution of both grains and cement
(Gardner and McLaren, 1994). Large scale dissolution leads to the development of metrescale pores called caverns, related to corrosional dissolution, as described above.
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4.4 The study of carbonate sediments on Lord H o w e Island by
Mattes (1974)
Mattes (1974) undertook a detailed study of the texture and mineralogy of the island's
unconsolidated carbonate deposits and the diagenetic condition of the aeolianite outcrops.
The modern sediments examined were lagoonal, beach (lagoonal and open ocean) and
dune deposits and several samples of aeolianite scree. The m e a n grain size of samples
from modern dunes (0.32 m m , n = 10) is slightlyfinerthan the aeolianite samples (0.46
m m , n = 10), which are similar to modern beach samples (0.45 m m , n = 17). The
carbonate component of these samples is > 9 0 % and the average (n = 10) carbonate
mineralogy is: aragonite 3 5 % (range: 23 - 4 1 % ) , low-Mg calcite 3 % (0 - 1 9 % ) and highM g calcite 6 2 % (51 - 7 7 % ) .

The proportions of the different skeletal forms are quite similar between the deposit
environments examined by Mattes, apart from a lower molluscan component in the dune
samples. Samples are dominated by red algae (Lithothamnion

sp. 5 0 % , average

proportion for all samples), which accounts for the high proportion of high-Mg calcite in
the samples. Coral (5 - 8 % ) and apparently Halimeda

fragments (-17%, however,

Halimeda grains were not reported in a more recent study of lagoonal sediment by Nash
(1994) and molluscs (10%) constitute the bulk of the aragonitic grains. Foraminfera also
constitute a significant fraction (5 - 1 0 % ) whereas volcanic grains are generally a minor
component (2.5%; Mattes, 1974).
The carbonate mineralogy and granular composition of the aeolianite were also
investigated by Mattes (1974), including mineralogical data (31 X R D analyses and
descriptions of stained thick sections). Outcrops were classified as unrecrystallised or
recrystallised based on interpretations of their diagenetic history. The recrystallised
outcrops examined were predominantly the intertidal and supratidal outcrops between Old
Settlement Beach and the Lagoon boat ramp, between Neds Beach and Middle Beach,
and at North Bay. Most other more friable outcrops were classified as unrecrystallised.
The X R D data for these samples are presented in Figure 4.1. Clearly shown in the data is
the loss of M g calcite and a reduction in the proportion of aragonite in the recrystallised
samples. However, only a few samples showed complete stabilisation of aragonite. In
contrast, the unrecrystallised units retained their M g calcite and aragonite. Mattes
concluded that samples were lithologically quite homogeneous and, although two
generations of aeolianite were recognised, the diagenetic maturity of samples was
considered predominantly controlled by spatial variations in the intensity of the diagenetic
processes.
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• Unrecrystallised
(Neds Beach Formation)
• Recrystallised
(Searles Point Formation)

Mg-calcite
aragonite
Figure 4.1: Carbonate mineralogy of aeolianite samples, as determined by the X R D peakarea method (after Mattes, 1974).

Although n o quantitative data on the grain size or granular composition of the aeolianite
samples were presented, Mattes (1974) discussed the absence of recrystallised grains in
the unrecrystallised units and their presence in the recrystallised units as observed in 125
thin sections. Mattes found the mineralogies of the various cements to be dominantly
sparry calcite in the recrystallised units and micritic rim and microcrystalline drusy calcite
in the unrecrystallised units. These divisions broadly correlate with the major
Uthostratigraphic units identified in this thesis, the recrystallised units being equivalent to
the Searles Point Formation and the unrecrystallised outcrops the N e d s Beach Formation.
T h e following sections of this chapter build on the w o r k of Mattes (1974) by
quantitatively assessing the grain size and composition of samples from the m a p p e d
lithostratigraphic units (Chapter 3). This classification w a s based on the lithological
appearance of outcrops in the field and their stratigraphic position within successions.
The petrological data and thin-section observations are used to check the lithostratigraphic
classification proposed in the preceding chapter.
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4.5 Texture and fabric of the aeolianite on Lord H o w e Island
In this section, the grain size and petrological composition of samples as measured in thin
sections are presented and the main features are described and compared with the
stratigraphy of the relevant units. Samples were collected at North Bay, Old Settlement
Beach, Signal Point, Cobbys Corner and Johnsons Beach on the island's west coast, and
Neds Beach, Middle Beach and The Big Slope on the east coast (Fig. 3.4). Sample
material was collected from outcrops of the two major lithostratigraphic units, the Searles
Point Formation and Neds Beach Formation, and from the Middle Beach and Cobbys
Corner Members of the Neds Beach Formation. Samples were selected from sections of
outcrop with the predominant lithologic character of the unit as identified in field
observations. Samples of sediment from beaches on the east and west coasts were also
examined and compared with the aeolianite samples.
4.5.1 Neds Beach
Samples from several units in the aeolianite exposed between Neds Beach and Searles
Point were examined in thin sections. Sample material was collected from units mapped
as part of the Searles Point Formation, the Neds Beach Formation and the Middle Beach
M e m b e r of the Neds Beach Formation.
Samples from the Searles Point Formation
Five samples were examined (sel, nel, ne2, ne3, ne4) and point counting undertaken on
three samples (sel, ne3, ne4). These three samples are moderately well-sorted medium(sel, ne4) or coarse-grained sand (ne3) with a nearly symmetrical (sel) or finely-skewed
(ne3, ne4) grain-size population (Table 4.1).

A sample of the basal unit at Searles Point (sel, bed set 9bi, Fig 3.9i) is dominantl
cemented with coarse pore-filling sparite (mostly equant crystals, diameter up to 200 u m )
which has occluded most of the pores ( 7 % porosity; Fig. 4.2a, b). Micritic rim cement
defines the outline of grains that have been recrystallised and in places probably dissolved
and are n o w replaced by sparite. These cements are typical of a meteoric phreatic
environment (Tucker and Wright, 1990).

In a few sections, a brown micritic cement fills pore spaces as a latter-stage vadose
cement. Volcanic grains are weathered and the weathering products appear to be
contributing to a yellow-brown (probably iron-rich) cryptocrystalline cement adjacent to
these grains (Fig. 4.2a). In sample sel, red algal grains are a major component,
recrystallised grains are abundant, micritic grains are c o m m o n , volcanic and unknown
carbonate grains are minor and molluscan, echinodermal and bryozoan grains are rare
(Table 4.2).
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Table 4.1: Grain size graphic summary statistics (Folk, 1974) for a range of units in the
aeolianite measured in thin sections.
sample
no.1

nol
no3
no4
brl
br4
sp2
sel
ne3
ne4
ne5
ne6
ne7
ne8
mbl
mb3
mb4
mb5
mb5a

mb6
mblO
mbl2

ccl
cc3
Ibl
jbl

jb3
1

Mz2

0

mm

1.88
1.39
1.03
1.15
1.46
1.24
1.63
0.48
1.31
1.17
1.20
1.16
1.30
1.88
1.07
1.10
1.15
1.09
0.62
0.87
0.85
1.25
0.68
1.06
0.69
0.61

0.27
0.38
0.49
0.45
0.36
0.42
0.32
0.72
0.40
0.44
0.44
0.45
0.41
0.27
0.48
0.47
0.45
0.47
0.65
0.55
0.55
0.42
0.62
0.48
0.62
0.66

grain size class
(Wentworth, 1922)
medium sand
medium sand
medium sand
medium sand
medium sand
medium sand
medium sand
coarse sand
medium sand
medium sand
medium sand
medium sand
medium sand
medium sand
medium sand
medium sand
medium sand
medium sand
coarse sand
coarse sand
coarse sand
medium sand
coarse sand
medium sand
coarse sand
coarse sand

IGSD2

sorting3

IGS 2

mws
mws
ms
ws
ms
mws
mws
mws
mws
mws
mws
ms
mws
ws
mws
mws
mws
mws
ws
ms
mws
ms
mws
ms
mws
mws

-0.08
-0.09
0.16
-0.07
0.02
0.09
-0.09
0.15
0.11
0.12
0.17
0.09
0.07
-0.07
-0.13
0.08
-0.13
0.05
0.07
0.13
-0.02
-0.13
0.18
0.14
0.09
-0.01

0
0.70
0.70
0.77
0.47
0.80
0.62
0.59
0.64
0.53
0.68
0.57
0.74
0.68
0.37
0.63
0.63
0.69
0.67
0.46
0.80
0.51
0.73
0.65
0.74
0.68
0.67

skewness3

KG2

ns
ns
fs
ns
ns
ns
ns
fs
fs
fs
fs
ns
ns
ns
cs
ns
cs
ns
ns
fs
ns
cs
fs
fs
ns
ns

1.20
0.98
0.96
0.93
0.85
0.90
0.88
0.74
1.07
0.98
1.02
0.97
1.10
0.95
1.15
0.82
1.01
1.27
0.96
0.83
0.93
1.24
0.82
1.00
0.93
1.12

0

ne: Neds Beach; se: Searles Point; mb: Middle Beach; no: North Bay; br: Boat ramp; sp: Signal Point;
cc: Cobbys Corner; lb: Lovers Bay; jb: Johnsons Beach.

2 Mz: Graphic Mean, IGSD: Inclusive Graphic Standard Deviation, IGS: Inclusive Graphic Skewness
K G : Graphic Kurtosis
3
Sorting classes as measured by
abbreviation
Inclusive Graphic Standard Deviation used above
>4.00: extremely poorly sorted
4.00 - 2.00: very poorly sorted
<2.00 - 1.00: poorly sorted
<1.00 - 0.71: moderately sorted
ms
<0.71 - 0.50: moderately well sorted
mws
<0.50 - 0.35: well sorted
ws
<0.35: very well sorted

Skewness classes as measured by
abbreviation
Inclusive Graphic Skewness
used above
1.00 - 0.30: stronglyfinelyskewed
<0.30-0.10: finely skewed
fs
<0.10 - -0.10: nearly symmetrical
ns
<-0.10- -0.30: coarsely skewed
CS
<-0.30 - -1.00:strongly coarsely skewed
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a) Sample sel; sparite fills most pores and several bioclastic grains are recrystallised (r). S o m e micritic
cement is retained (lower middle), and solutional vugs (vg) have developed. Plane Polarised Light (PPL),
Field of View (FOV, W - E length) = 3.95 m m . b) Sample sel; coarse sparite has infilled pores around
foraminiferal (f), unknown skeletal (u) and dark micritic (mr) and red algal (ra) grains. PPL, F O V = 1.11
mm. c) Sample ne3; sparite and minor micritic cement (mc, partially recrystallised) with numerous dark
micritic (mr) and partly recrystallised (r) grains and foraminiferal (f) grain. PPL, F O V = 3.95 m m . d)
Sample nel; sparite has infilled pores and several grains are recrystallised (r). Structure is preserved in
bryozoan (b), foraminiferal (f), molluscan (m) and red algal grains (ra). PPL, F O V = 1.56 m m . e) Sample
ne2; sparite has infilled pores and several grains are recrystallised (r). A latter stage (marine?) isopachous
cement (ic: likely Mg-calcite) lines pores and grains. Micrite (mc) also infills some pores. PPL, F O V = 1.56
mm. f) Sample nel; sparite and micrite (mc) with isopachous microsparite (ic) in large pores. Microstructures
are preserved in the large bryozoan grain (b). Cross Polarised Light (XPL), F O V = 1.11 m m .
Figure 4.2: Photomicrographs of thin-section samples from Searles Point (a, b: sel, dune
unit, Searles Point Formation) and Neds Beach (c - f: ne3, nel, nel, dune units, Searles Point
Formation).
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At Neds Beach, two dune units, stratigraphically above the basal unit sampled at Searles
Point, were also examined, sample ne3 from site 5 (bed set 5a, 3.9e) and samples nel,
ne2 and ne4 from sites 3, 4 and 5 (unit ne7, Fig. 3.18). In sample ne3, sparite is the
dominant cement, with small patches of microsparite and micrite (Fig. 4.2c). Most pores
are at least partly occluded by relatively coarse sparite which appears to be a product of
intense meteoric phreatic diagenesis. However, patches of micritic cement suggest both
vadose and phreatic conditions m a y have existed at various times, possibly due to
movements in the water table. This interpretation is consistent with the location of the
sample, at the base of the cliff at approximately 1.8 m above M H W , overlying basalt.
Porosity in ne3 is low (10%). Micritic grains are a major component, red algal and
unknown carbonate grains are abundant and recrystallised grains are c o m m o n (8.7%:
considerably less than in sel). Molluscan and bryozoan grains are minor components and
volcanic grains are rare (Table 4.2).
Three samples from the unit above sample ne3, samples nel, ne2 and ne4, are all
characterised by pore-filling sparite cement (Figs 4.2d - f, 4.3a), some microsparite and
patches of brown micritic cement. Also, grain dissolution and, in places, replacement
with sparite is evident in all samples.
Samples nel and ne2 were drilled from the well-cemented, steeply dipping cross-beds
directly below the friable beach unit at site 3, Neds Beach (40 c m cores), at
approximately M H W . In ne2, micritic rims are evident around most grains and most
pores are infilled by sparite or, in more porous patches, with a brown micritic cement
(Fig. 4.2e, f). These cements are in turn covered by an isopachous microsparite. The
morphology of the isopachous cement crystals, equant or bladed, suggests they are M g
calcite (Tucker and Wright, 1990). This sequence of cements appears to record meteoric
vadose diagenesis, possibly with periods of phreatic diagenesis as evidenced by the
coarse sparite which occludes m a n y pores, followed by what appears to have been a
period of marine phreatic cementation when isopachous microsparite developed. The
marine cement is most likely related to the middle- to late-Holocene sea-level highstand
(Woodroffe et al, 1995).
Porosity estimates are between 5 - 10% for nel and 10 - 15% for ne2, with minor
secondary porosity evident. In both samples, micritic, red algal and molluscan grains are
abundant, and bryozoan, foraminiferal and volcanic grains are c o m m o n .

Sample ne4, also from this unit, was collected from the cliff exposure at site 5, 80 m
the west, at + 2 m M H W . In this sample, coarse sparite (crystal diameter up to 150 |im)
infills most pores and is evident in recrystallised grains, which often exhibit micritic rims

a) Sample ne4 (unit near the top of the Searles Point Formation); sparite fills most pores and several grains
are recrystallised (r). Opaque grains are micritic and red algal (ra). A vug (vg) indicates the development of
secondary porosity. PPL, F O V = 3.95 m m . b) Sample ne6, the beach unit at Neds Beach: typical micritic
meniscus cement (mc) and relatively high primary porosity (p). PPL, F O V = 1.56 m m . c) Sample neu2,
caliche from directly below the unconformity between the two cosets of laminated beach beds. Grains are
surrounded by a detrital-rich micritic cement. PPL, F O V = 3.95 m m . d) Sample ne8, micritic and microspar
pain contact cements between miliolid (mf) and bryozoan (b) grains. PPL, F O V = 1.56 m m . e) Sample ne8,
large miliolid fragments (mf) and red algal grains (ra) with microspar rim and grain contact cements. Pores
in the foraminiferal fragments have been filled by microsparite. X P L , F O V = 1.56 m m . 0 Sample ne9;
sediment from Neds Beach. Opaque grains are micritic (mr), dark grains with inclusions are volcanic (v).
Microstructures are evident in the red algal (ra) and molluscan (m) grains. PPL, F O V = 3.95 m m .
Figure 4.3: Photomicrographs of thin-section samples from Neds Beach (a: ne4, dune unit,
Searles Point Formation; b, c: ne6, neu2, beach unit Neds Beach Formation; d, e: ne8, dune
unit, Neds Beach Formation; f: ne9, beach sediment).
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(Fig. 4.3a). Secondary porosity, in the form of vugs, is also relatively c o m m o n . These
features suggest a meteoric phreatic diagenetic environment (Tucker and Wright, 1990).
Patches of micritic cement are c o m m o n and in places a latter-stage orange-brown
microsparite is evident, especially near weathered volcanic grains, suggesting the
movement of Fe ions into the cement.

Porosity in ne4 is moderate (14%). However, it is quite variable, being higher in lam
where there has been grain dissolution and the development of vuggy secondary porosity
(Fig. 4.3a), and lower in the majority of the sample which is cemented with sparite.

The granular composition of ne4 is dominantly unknown carbonate grains, while
micritic, red algal and molluscan grains are c o m m o n , and volcanic and bryozoan grains
are minor components (Table 4.2). The proportion of recrystallised grains (6%) is
considerably lower and porosity (14%) higher than samples from the units below (ne3
and sel, Table 4.2).
Samples from the upper succession, the Neds Beach Formation
At Neds Beach, two samples of the beach unit (ne5, ne6) and one each of the two
overlying dune units (ne7 and ne8) were collected from the cliff exposures (sites 2 and 3,
Fig. 3.9). These samples are composed of moderately well-sorted (ne5, ne6 and ne8) or
moderately-sorted (neT) m e d i u m sand-sized grains. The samples from the beach unit
have a finely skewed grain size population in contrast to the dune samples with
symmetrical populations (Table 4.1).
The beach unit comprises two cosets of laminated beds separated by an unconformity,
which in places is marked by a thin calcitic crust (Fig. 3.9b, c). Samples from above and
below the unconformity, ne5 ( + l m M H W ) and ne6 (Fig. 4.3b; +3 m

MHW)

respectively, are similarly weakly cemented with brown micritic meniscus and partial
pore-filling cement, and contain a minor proportion of detrital silt. Micritic rims are also
evident on m a n y grains. A s described above, these cements are often related to earlystage meteoric vadose diagenesis (Gardner and McLaren, 1993). Porosity is high, 32.5%
in ne5 and 2 4 . 5 % in ne6. Although the unit was emplaced in a beach foreshore setting
(section 3.6.1), marine cements are not evident in these samples.
In sample ne5, micritic grains are a major component, unknown carbonate grains are
abundant, red algal and molluscan grains are c o m m o n , volcanic grains are minor and
bryozoan grains are rare. In ne6, micritic grains are dominant, red algal grains are a major
component, molluscan grains are abundant, unknown carbonate grains are c o m m o n and
foraminiferal grains form a minor component (Fig. 4.3b, Table 4.2). Only a few coral
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grains (0.80%) were identified in ne5 and no coral was identified in ne6. In previous
studies of the aeolianite, however, several large coral cobbles have been collected from
the same bed set as ne5 for 1 4 C dating (discussed in section 2.6) and U/Th dating
(section 5.5). Other than a few partly recrystallised micritic grains (1.8% for ne5 and
ne6), both samples appeared predominandy unaltered.

A thin section of the carbonate crust at the top of the lower beach bed, sample neu2,
predominandy composed of a brown micritic cement and detrital-rich silt (Fig. 4.3c).
Numerous grains appear to have been replaced by micrite while the preserved grains are
mostly red algal, molluscan and micritic. This crust is similar to the relatively soft
subsurface calcareous crusts found in the upper 1 to 3 metres of Late Pleistocene
calcarenite in northern Barbados (James, 1972), suggesting the lower beach bed
experienced a significant period of subaerial exposure.

Point counting was also undertaken on thin sections of the two thick dune units above
beach beds (Fig. 3.9b, c), samples nel and ne8. The sample from the dune unit directly
above the beach unit, ne7, is very weakly cemented by micritic meniscus cement. The
sample from the dune above, ne8, includes a brown micritic meniscus cement and
microsparite in the smaller inter- and intra-granular pores (Fig. 4.3d, e). These cements
record early-stage vadose diagenesis (Gardner and McLaren, 1993). The porosity of ne7
and ne8 is high, 3 4 % and 3 5 % respectively (Table 4.2).

The granular composition of the lower dune unit, ne7, is dominated by micritic grains,
unknown carbonate grains are abundant and molluscan and foraminiferal grains are
c o m m o n . In the dune unit above (ne8), red algal, micritic and foraminiferal grains are
abundant, and unknown carbonate and molluscan grains are c o m m o n . The foraminiferal
grains are predominantly orangey-brown miliolid fragments, rare or absent in the other
samples (Fig. 4.3d, e). In both samples, only a few coral grains were identified and
volcanic and recrystallised grains are rare (Table 4.2).
A sample of the modern sediment from Neds Beach was also examined (ne9). It contains
abundant red algal, micritic and mollusc grains, while volcanic, foraminiferal and
echinodermal grains are c o m m o n (Fig. 4.3f)- This assemblage is similar to that found in
samples from the Searles Point Formation and the beach unit of the Neds Beach
Formation. However, it lacks the miliolid fragments which characterise the dune units of
the Neds Beach Formation, especially the top dune unit which has abundant miliolid
fragments (sample ne8; from the unit mapped as part of the Middle Beach M e m b e r of the
Neds Beach Formation, section 3.7.7).
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4.5.2 General characteristics of the N e d s Beach samples
Although samples from the beach unit at Neds Beach have a finely-skewed grain-size
population in contrast to the samples from the overlying dune units (ne7, ne8) with
symmetrical populations, there is no apparent difference in grain size, grain sorting,
skewness or kurtosis that clearly differentiates the two beach samples (ne5, ne6) from the
other dune units (sel, ne3, ne4; Table 4.1). Mattes (1974) also found little difference in
the texture of a large number (115) of modern dune and beach samples from around the
island.

In contrast, samples from the two major generations of aeolianite, classified as the
Searles Point Formation and the Neds Beach Formation, have distinctive fabrics.
Samples from the Searles Point Formation are predominantly heavily cemented with
sparite which occludes most pores and recrystallised grains are c o m m o n . The sparite is
ubiquitous and this suggests that samples have undergone a phase of meteoric phreatic
diagenesis. A later-stage micritic cement is also c o m m o n . Several samples have partially
occluded pores lined with micritic cement typical of vadose cementation. In sample ne2,
isopachous microsparite lines pores partially infilled with sparite (Fig. 4.2e, f), possibly
recording a secondary stage of cementation in a marine phreatic environment. A
diagenetic gradient in this succession is suggested by a decrease in the proportion of
recrystallised grains and an increase in porosity for the stratigraphic sequence of samples
sel, ne3 and ne4 (Table 4.2).
Samples from the Neds Beach Formation (ne5, ne6, ne7, ne8) have been very lightly
cemented with micritic meniscus and subordinate pore-filling cements. Patches of porefilling microsparite are evident in the top dune unit (sample ne8) typical of the upper
section of the vadose zone. These features are indicative of a single phase of early vadose
diagenesis, in contrast to the more complex diagenetic history of samples from the
Searles Point Formation.

4.5.3 Middle Beach
Several samples from the two major aeolianite successions were examined. Samples from
the Searles Point Formation were obtained by drilling shallow cores in exposures at the
northern section of the Middle Beach bluff and at site 8 in the middle section (Fig. 3.21).
Samples from the thick dune units of the Neds Beach Formation, immediately above and
south of the Searles Point Formation, were recovered from fresh exposures in the cliff.
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Samples from Searles Point Formation
Samples of short cores (35 - 42 c m long) drilled in the basal beds exposed at sites 1, 2
(Fig. 3.24aii, bii), 5 (Fig. 3.24e) and 8 (Fig. 3.28c) were examined in thin sections:
samples mbl, mb2, mb3 and mb8 respectively. Point counting was undertaken on two
samples, mbl and mb3.

Samples mbl and mb3 comprise moderately well-sorted and well-sorted medium sandsize grains with nearly symmetrical (mbl) or slightly coarsely skewed (mb3) grain
populations (Table 4.1). Sample mbl appears to have experienced intense meteoric
phreatic diagenesis, with sparite (crystal diameter up to 80 p.m) occluding most pores and
many skeletal and micritic grains are at least partially recrystallised (Fig. 4.4a, b). Patches
of microsparite, micrite and matrix are evident in some laminae. A yellow (probably ironrich), cryptocrystalline cement and an orange-brown micrite-rich cement are evident in a
few laminae (Fig. 4.4c, d) and appear products of a later phase of vadose diagenesis.
Secondary porosity is evident in these laminae, creating porosity of up to 1 0 % in these
zones, while the overall porosity of mbl is very low, approximately 2 % (Table 4.2).
Similarly, sample mb3 is predominantly cemented with sparite which occludes most
pores and numerous grains have been recrystallised (Fig. 4.4e, f). Also, mb3 has a few
laminae with a relatively high proportion of matrix or brown micritic cement (Fig. 4.5a).
In a few patches, isopachous microsparite is overlain by pore-filling micritic cement (Fig.
4.8a). The second phase of cementation m a y be related to pedogenesis in the overlying
sediments.
The granular composition of mbl includes a major proportion of recrystallised and
micritic grains, red algal and unknown carbonate grains are c o m m o n , molluscan grains
are a minor component and bryozoan grains are rare. Sample mb3 is quite similar except
for a lower proportion of recrystallised grains (common) and greater proportion of red
algal grains (major component) and a few identifiable coral grains (Table 4.2). A lower
proportion of recrystallised grains in mb3 compared with mbl and the preserved coral
grains m a y indicate mb3 has experienced a shorter period of diagenesis (Table 4.2).

Sample mb2 is also well cemented by sparite and, in a few laminae, a latter-stage brown
micritic cement. Porosity is low and is estimated at 10 - 1 5 % . The granular components
comprise major proportions of micritic and red algal grains, and abundant recrystallised
and molluscan grains, similar to mbl and mb3, apart from fewer volcanic grains (< 1%).

a) Sample mbl; almost total occlusion of pores with sparite, most grains are recrystallised (r) and some
replaced (rp) with neomorphic sparite. Numerous dark micritic and red algal fragments. PPL, F O V = 3.95
m m . b) Sample mbl; pores have been occluded by sparite and most lighter coloured carbonate grains are at
least partially recrystallised. Structure is preserved in the red algal (ra) and bryozoan (b) grains. PPL, F O V =
1.56 m m . c) Sample mbl; laminae on left has orange micritic cement, numerous detrital fragments and
higher porosity. PPL, F O V = 3.95 m m . d) Sample mbl; laminae with a micritic-rich zone (mr) and a micrite
lined pore or vug (vg) partially infilled with sparite and a yellow iron-rich cement. Secondary porosity (p) is
evident in the sparite cemented zone. PPL, F O V = 3.95 m m . e) Sample mb3; sparite fills most pores and
many grains are partially recrystallised (r). PPL, F O V = 3.95 m m . f) Sample mb3; sparite and microsparite
fill inter- and intra-grain pores. Structure is preserved in the molluscan (m), bryozoan (b) and red algal (r)
grains while m a n y grains are partly recrystallised. Dark (opaque) grains are volcanic (v). X P L , F O V = 1.56
mm.
Figure 4.4: Photomicrographs of thin-section samples of dune units at Middle Beach, from
the Searles Point Formation (a - d: mbl; e, f: mb3).

a) Sample mb3; a patch of micrite-rich cement deposited after the isopachous microsparite, which is
recrystallised in patches. Several grains are partly dissolved and recrystallised (r). Ferromagnesium grain on
left (v). X P L , F O V = 1.56 m m . b ) Sample mb8; inter- and intra-grain sparite, and vuggy porosity are
common. Structure is preserved in molluscan (m), foraminiferal (f) and red algal (ra) grains while others are
recrystallised (r). Well-rounded clear volcanic (v) grain in middle. PPL, F O V =1.11 m m . c) Sample mb8;
rim and patchy pore-filling sparite, and microsparite and some partly recrystallised micrite (mc). Volcanic
grains (v) are partly dissolved and most skeletal fragments are partly recrystallised. PPL, F O V = 3.95 m m . d)
Sample mb4; red algal (ra) and molluscan (m) grains cemented by isopachous microsparite (ic) and, in
patches, sparite (s). PPL, F O V = 1.56 m m . e) Sample mbl2; red algal (brown grains), micritic (mr) and
molluscan (m) grains with rim and grain contact microsparite. Several micritic grains are partly recrystallised.
XPL, F O V = 3.95 m m . f) Sample mbl2; red algal (ra) and foraminiferal (f) grains cemented with bladed
(Mg-calcite) grain contact, and minor pore-filling microsparite and sparite. X P L , F O V = 1.56 m m .
Figure 4.5: Photomicrographs of thin-section samples of dune units at Middle Beach (a - c:
mb3, mb8, Searles Point Formation; d - f: mb4, mbl2, Neds Beach Formation).
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A n exposure of the Searles Point Formation 200 m to the south of site 5 at site 8, sample
mb8, was also examined (bed set 8a, Fig. 3.28c). This sample is well-cemented by
coarse sparite which appears to be a product of intense meteoric vadose diagenesis or
possibly an earlier period of meteoric phreatic diagenesis (Fig. 4.5b). Numerous grains
are partially or totally recrystallised and most volcanic grains appear weathered or
partially replaced with sparite (Fig. 4.5c). Secondary porosity is evident in the wellcemented sections and m a y relate to a later period of pedogenesis, as suggested by the
relatively dark, brownish-yellow colour of the outcrop. Compositionally, mb8 is
characterised by abundant micritic and red algal grains, molluscan grains are common,
with minor bryozoan and volcanic grains (Fig. 4.5b). Porosity in mb8

is low,

approximately 1 0 % .

Samples from the Neds Beach Formation
Thin-sections of several units of the Neds Beach Formation, including the upper unit
(mapped as the Middle Beach M e m b e r ) were examined. Point counting was undertaken
on four samples from the lower units in the formation, mbl2, mb4, mb5 and mb6, and
two samples of the Middle Beach Member, mb5a and mblO.

Samples mbl2 and mb4 are from units in superposition at the southern end of the clif
(bed sets 2d and 2e respectively, Fig. 3.24bii). T w o samples are from the central section
of the Middle Beach bluff, samples mb5, 0.75 m above mb3 (bed set 5b, Fig. 3.24e),
and mb6, from +1.7 m M H W (bed set 10b, Fig. 3.28e). These samples are moderately
well sorted to well sorted. Samples mb6 and mbl 2 comprise coarse sand while mb4 and
mb5 are medium sand. They have nearly symmetrical population distributions, apart from
mb5, which is slightly coarsely skewed (Table 4.1).
Cements in mbl 2 and mb4 are predominantly grain contact and rim microsparite, with
patches of sparite and microsparite in smaller pores (Fig. 4.5d: mb4; Fig. 4.5e, f: mbl2).
Porosity is 2 8 % for both mbl2 and mb4 (Table 4.2). In contrast, mb5 and mb6 are
slightly more heavily cemented and porosity is 1 5 % in mb5 and 1 6 % in mb6. However,
mb6 has relatively few recrystallised grains. Sample mb5 has patches of sparite rim and
pore-filling cement, and more brown micritic cement at grain contacts than the other
samples (Fig. 4.6a). Sample mb6 is cemented with rim and grain contact micritic cement
and, in small patches, microsparite fills inter- and intra-granular pores (Fig. 4.6b). The
form and variability of these cements are typical products of early meteoric vadose
diagenesis (Tucker and Wright, 1990; Gardner and McLaren, 1993).
The granular compositions of mbl2 and mb4 are quite similar: red algal grains are
dominant, micritic grains are abundant, molluscan grains are c o m m o n , while unknown

a) Sample mb5; molluscan (m) and red algal (ra) grains on the right side of the photograph are cemented
with pore-filling sparite (s), while red algal (ra) and micritic (mr) grains in centre of photograph are
cemented with micrite at grain contacts. PPL, F O V = 1.56 m m . b) Sample mb6; a patch of microsparite and
sparite (s) contrasts with the micritic grain-contact cement (mc). Dark grains are micritic, foraminiferal (f),
bryozoan (b) and molluscan (m) fragments are evident. X P L , F O V = 3.95 m m . c) Sample mb5a; miliolid
foraminiferal (mf) grains dominate, with micrite and microsparite at grain contacts. X P L , F O V = 3.95 m m .
d) Sample mb5a; section is normal to the growth surface of the miliolid test (mf), showing the porous, meshlike microstructure. PPL, F O V = 1.11 m m . e) Sample mblO; microsparite grain-contact and rim cement
around bryozoan (b), miliolid (mf), recrystallised (r) and red algal (ra) grains. X P L , F O V = 1.56 m m . f)
Beach sediment from Middle Beach, sample mbll, with lithoclasts (1), and a foraminiferal grain (f) infilled
with sparite. X P L , F O V = 1.56 m m .
Figure 4.6: Photomicrographs of thin-section samples from Middle Beach (a - e: mb5, mb6,
mb5a, mblO, dune units, Neds Beach Formation; f: mbll, beach sediment).
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carbonate, bryozoan, foraminiferal and volcanic grains are minor components (Table
4.2). Samples mb5 and mb6 also have similar granular compositions and a similar
assemblage of grain types compared with mbl2 and mb4, but lower proportions of red
algal grains (major components) and higher proportions of micritic grains (dominant
components, Table 4.2).

Two samples of outcrops of the Middle Beach Member were examined, sample mb5a,
from the top dune unit at site 2 (bed set 2h, Fig. 3.24bi), and mblO, from the base of a
thick white dune unit at site 16 (bed set 16b, Fig. 3.32c). Sample mb5a is moderately
well sorted and contains medium sand-sized grains with a nearly symmetrical grain-size
distribution. Sample mblO is moderately sorted and coarse grained, with a finely-skewed
grain-size distribution, indicating the presence of relatively few large grains (Table 4.1).
Both mb5a and mblO are very weakly cemented by predominantly brown micritic
meniscus and grain contact cements (Fig. 4.6c - e). However, several small pores in
mblO have been infilled with microsparite (Fig. 4.6c). A s noted above, these cements are
indicative of early vadose diagenesis. Porosity in these samples is very high, 3 6 % in
mb5a and 3 3 % in mblO (Table 4.2).
Both samples are characterised by a high proportion of foraminiferal grains (highly
porous miliolid fragments), a major component in mb5a

(16.5%, Fig. 4.6c) and

abundant in mblO (11.5%, Fig. 4.6e). Micritic grains are also a major component in
mblO. Volcanic grains are rare (mb5a) or absent (mblO) in these samples (Table 4.2).
A sample from the sandy beach at the southern end of the Middle Beach cliffs (mbll)
was also examined (Fig. 4.6f). It contains abundant micritic, red algal and molluscan
grains. Foraminiferal and bryozoan fragments are c o m m o n . Cement infills pores in the
bryozoan and foraminiferal grains, and isopachous microsparite is c o m m o n . The
presence of the cement and several lithoclasts of red algal and molluscan grains suggests
much of this sediment is reworked carbonate derived from the aeolianite cliff.
4.5.4 General petrological features of samples from Middle Beach
Samples from units mapped as the Searles Point Formation at Middle Beach are wellcemented and highly-altered grainstones. Coarse sparite occludes most pores,
recrystallised grains are c o m m o n and some grains have been dissolved and replaced by
sparite - evidence of intense meteoric phreatic diagenesis. A later-stage micritic cement
suggests a subsequent phase of meteoric vadose diagenesis. The sample from the basal
unit (mbl) has a lower porosity and a larger proportion of recrystallised grains than
samples from the units above (mb2, mb3). This suggests an increase in diagenesis down
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the succession. All these samples, however, m a y be classified as diagenetically mature
grainstones (Longman, 1980; Reeckman and Gill, 1981). Samples from units mapped as
part of the Neds Beach Formation are characterised by meniscus and grain contact
micrite, patchy pore-filling microsparite and relatively few recrystallised grains. The
degree of cementation and proportion of recrystallised grains are quite variable within and
between samples. This variability in diagenetic products is typical of early vadose
diagenesis (Gardner and McLaren, 1993).

Samples from units mapped as the Middle Beach Member of the Neds Beach Formation
are very lightly-cemented grainstones. They are characterised by small proportions of
meniscus, and rim micritic cements. Only minor patches of microsparite are evident and
very little recrystallisation or dissolution of grains was observed. They are also
characterised by a relatively large proportion of miliolid fragments and lower proportions
of red algal grains.

4.5.5 The Big Slope
A sample from the bottom cross-bed exposed in the aeolianite cliff at the Big Slope,
sample bsl (bed set bsl, ~2 m M H W , Fig. 3.40c), contains a high proportion of clayrich micritic cement (Fig. 4.7a, b) that appears to have occluded most of the pores in the
sample (also examined under the binocular microscope). The cement is similar to that
examined in samples from caves at North Bay (discussed below). However, grains in
bsl are mostly well-preserved (Fig. 4.7a, b) with less micritisation than samples from
North Bay, possibly indicating a shorter period of diagenesis. It seems likely that sample
bsl has experienced early-stage meteoric phreatic diagenesis, resulting in the precipitation
of pore-occluding micrite. The well-preserved fabric of the carbonate grains supports the
field interpretation of this outcrop being part of the Neds Beach Formation. Red algal,
molluscan and micritic grains are abundant in bsl, while unknown carbonate, bryozoan
and volcanic grains are c o m m o n , and foraminiferal grains are a minor component.

4.5.6 North Bay
A sample of modern beach sand from North Bay Beach (no6) has molluscan, micritic and
red algal grains as major components (Fig. 4.7c). Volcanic, large coral and benthic
foraminiferal grains are c o m m o n , whereas echinoderm grains are rare. In general, the
assemblage of carbonate grains is similar to that found in the aeolianite samples.
However, the large, well-preserved coral fragments contrast with the aeolianite samples
in which coral is rarely evident and Baculogypsina foraminiferal grains were not found in
any aeolianite sample.

») Sample bsl; well-preserved molluscan (m), micritic (mr) and volcanic (v) grains in a micritic cement. PPL,
F O V = 3.95 m m . b) Sample bsl; micrite and microsparite infills pores in a foraminiferal grain (f)- Red algal
(ra), molluscan (m), volcanic (v) and micritic (mr) encased in micrite. PPL, F O V = 3.95 m m . c) Sample no6,
beach sediment, North Beach, comprising molluscan grains (m), large coral grains (c; pc: poritoid coral
fragment, transverse section), Baculogypsina foraminiferal (B) and micritic grains (mr). PPL, F O V = 3.95
mm. d) Sample nol; grains are dominantly micritic (mr) and molluscan (m), with rim and pore-filling sparite
and microsparite. A later stage orange-brown micritic cement (mc) can be seen in several pores. PPL, F O V =
1.11 m m . e) Sample nol; some recrystallisation of micritic grains (mr), rim and pore-filling microsparite and
dog-tooth sparite (ds), and a subsequent yellow-brown cement (mc). Large pore (vg) may have been
enhanced by dissolution. PPL, F O V = 1.56 m m . f) Sample nol; well-packed skeletal carbonate grains have
been both partly micritised (mr) and recrystallised: echinodermal (e), red algal (ra) and molluscan (m) grains
are evident. Cement is mostly isopachous and grain-contact microsparite and sparite. XPL, F O V = 1.11 m m .
Figure 4.7: Photomicrographs of thin-section samples from the Big Slope (a, b: bsl, dune
unit, Neds Beach Formation); North Beach (c: no6, beach sand); and North Bay (d, e: nol,
beach unit?, Neds Beach F ormation).
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Samples from the four stratigraphic study sites (sites 1 - 4, Fig. 3.41a) were examined.
T w o samples from the low-angle beds at site 1, the shoreline outcrop (nol and no2),
were obtained by drilling cores (-30 c m ) at approximately M H W and at + 3 m M H W .
Further inland at site 3, samples were obtained from below and above a palaeosol
exposed in the cliff (no3 and no4 respectively). Aeolian units evident in the base of two
caves, one at site 2 (sample no7) and the second at site 3 (sample no8), were also
examined. Point-counting was undertaken on samples nol, no3 and no4.

The sample from the lower bed set at site 1, nol (bed set lai, Fig. 3.40d), comprises
moderately well-sorted m e d i u m sand-size grains with a nearly symmetrical size
distribution (Table 4.1). Grains form approximately 7 0 % of the rock, and in association
with the large number of grain contacts reflects the close packing of the sediment (Fig.
4.7f). Numerous micritic grains have experienced varying degrees of recrystallisation
(Fig. 4.7e). Cements range from grain contact microsparite to isopachous dog-tooth
sparite and microsparite, and pore-filling spar and microspar (Fig. 4.7d - f). In places the
sparry cements increase in size towards the grain pore (Fig. 4.7d, e). A secondary brown
and orange-yellow micritic cement, and some detrital silt are also evident. The variability
in the forms of the primary cement suggests a meteoric vadose diagenetic environment,
while the degree of cementation and rim cements suggest a considerable supply of pore
water. The secondary micritic cement m a y be related to a latter period of pedogenesis.
Sample nol has quite low porosity (8.5%). Compositionally, micritic and unidentified
carbonate grains (most likely molluscan or bryozoan fragments) are dominant, red algal
and molluscan grains are c o m m o n , and bryozoan, foraminiferal and volcanic grains are
rare (Table 4.2).

The sample from the bed above (bed set laii, Fig. 3.40d), no2, has a similar grain tex
and composition but has been more intensely diagenetically altered. The sample contains
considerable rim and pore-filling sparite, micrite infills some pores, there are numerous
recrystallised grains and considerable secondary porosity, features that suggest a more
intense diagenesis than found in sample nol. These features appear to be related to the
influence of pedogenesis, as no2 is from beds closer to the major zone of pedogenesis at
the top of the bedset. Porosity in no2 is approximately 1 5 % . Red algal grains are a major
component, micritic grains are abundant, molluscan grains are c o m m o n and volcanic
grains are rare.

A sample from the lower chamber in the cave of the aeolianite ridge above the shorelin
outcrop, no7 (site 2, bed set 2a, Fig. 3.42), has a similar composition but different
texture to nol. This sample is slightlyfinergrained and a light-brown clay-rich micritic

a) Sample no7; molluscan (m) and micritic (mr) grains are encased in a clay-rich micritic cement. X P L , F O V
= 1.56 m m . b) Sample no3; bryozoan (b), volcanic (v), micritic (m) and partly recrystallised grains in a
micritic cement in the top third of photograph, while the lower lamella is dominated by microsparite and
sparite with recrystallised and volcanic (v) grains. PPL, F O V = 3.95 m m . c) Sample no4; large micritic/red
algal and partly recrystallised carbonate grains (mollusc, m ; foram. f; echiniderm, e) in pore-filling sparite.
T w o pores (p) are preserved. PPL, F O V = 3.95 m m . d) Sample brl; coarse dog-tooth sparite encloses red
algal (ra), micritic (mr) and volcanic (v) grains, and blocky sparite occludes pores. Grains in the upper right
of the photo have been partly replaced by sparite (s). PPL, F O V = 1.56 m m . e) Sample brl; several volcanic
(v) and skeletal carbonate grains(sc) have been replaced by sparite while their micritic rims have been
preserved. PPL, F O V = 1.56 m m . f) Sample br2; sparite infills pores and has replaced some grains (rp). A
secondary brownish-yellow (iron rich?) cement m a y be related to weathering of volcanic grains (v). Red algal
(ra) grains are mostly micritised and partly recrystallised. PPL, F O V = 1.56 m m .
Figure 4.8: Photomicrographs of thin-section samples from North Bay (a - c: no7, no3, no4,
dune units, Searles Point Formation) and the Lagoon boat ramp (d - f: brl, br2, dune units,
Searles Point Formation).
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cement coats grains and infills most pores (Fig. 4.8a). Patches of microspar are evident
within the cement and matrix. Most primary grain structures are preserved and there is
little recrystallisation or grain replacement. However, m a n y grains exhibit considerable
micritisation. Thefriablenature of this unit appears related to the high clay content of the
cement, which appears to have restricted lithification. The ubiquity of the cement - m a n y
pores are completely occluded - m a y reflect precipitation in a meteoric phreatic
environment or a vadose environment with a high rate of pore water supply. Molluscan,
micritic and red algal grains are abundant, with only a few foraminiferal and
echinodermal grains evident.

Sample no3, from the thick dune unit below a thin palaeosol at site 3 (bed set 3a, Fig.
3.40e), is similar in texture to nol: moderately well-sorted, medium-grained sand with a
nearly symmetrical grain size distribution (Table 4.2). In contrast to sample nol, cements
are mostiy sparite whichfillspores and forms rims around grains (Fig. 4.8b). M a n y
recrystallised grains also exhibit a micritic rim cement. Less c o m m o n is micritic intra- and
inter-clast pore-filling cement and a later-stage yellowish-brown cryptocrystalline porefilling cement. Patches of grains have been recrystallised and secondary porosity has
developed (Fig. 4.8b), often with the dissolution of volcanic minerals. Overall porosity,
however, is very low, approximately 8 % (Table 4.2). The yellowish-brown secondary
cement appears to be related to the weathering of volcanic minerals as the cement is more
prevalent around these grains. Red algal fragments are a major component, recrystallised
micritic and volcanic grains are abundant while molluscan and unknown carbonate grains
are c o m m o n , and bryozoan grains form a minor component (Table 4.2).

Sample no4, from the aeolianite unit above the palaeosol (site 3), has a similar grain
to no3 but is less well sorted, having a finely skewed population (Table 4.1). It is more
heavily cemented than no3 ( 3 0 % compared to 1 6 % in no3) with sparite filling most pores
(5.8% porosity). Recrystallised grains are c o m m o n as is inter-grain orthosparite (Fig.
4.8c). Patches of a later-stage orangey-brown microsparite are also c o m m o n . The skeletal
grain composition of this sample is similar to no3, but it contains a considerably lower
proportion of volcanic grains (3.8%, Table 4.2).

Samples no3 and no4 have clearly experienced intense diagenesis. The variability of the
degree and type of cementation in no3 suggest a vadose environment. Sample no4 has
most likely also experienced vadose diagenesis, although the occluded pores and
relatively large size of the intergranular sparite suggest a considerable pore water supply.
The secondary porosity evident in both samples appears related to latter-stage vadose
diagenesis, possibly during periods of pedogenesis as suggested by the secondary
cements.
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A further 100 m inland, at site 4, another relatively large cave has developed. A sample
from the lower chamber of this cave, no8, was examined under the binocular microscope
and found to be very similar to the sample collected from the cave at site 2, such as
sample no7 -friablewith pore-filling micritic cement with a relatively high clay content
and abundant molluscan grains.

4.5.7 General character of the North Bay samples
North Bay contains several aeolianite units that were mapped as two lithostratigraphic
formations (described in Chapter 3). Samples from the low-angled beds along the
shoreline contain patches of matrix and micritic cement. They are heavily-cemented with
predominantly sparite and microsparite, and contain inclusions at least partly derived
from weathered volcanic minerals. The micritic cement postdates the coarser cements.
Although generally well-cemented, samples nol and no2 are characterised by the
variability in the degree of cementation and alteration of grains. Most probably, at least
two phases of meteoric vadose cementation are recorded. The later-stage cement contains
detrital silts and is probably related to pedogenesis in the overlying sediment. The
shoreline units sampled were mapped as part of the Neds Beach Formation (Chapter 3),
representing the later of two major phases of carbonate accumulation at North Bay.
Samples from two dune units further inland, no3 and no4, have experienced more
pronounced diagenetic alteration. Sparry cements occlude most pores and m a n y grains
have been recrystallised or replaced with sparite. Secondary porosity is also c o m m o n and
these samples have considerably more recrystallised grains than samples from the
shoreline units (e.g. 14.3% compared to 3.4%, Table 4.2), possibly indicating a longer
period of diagenesis. These samples would be classed as being in a diagenetically mature
stage under the L o n g m a n (1980) system and are far more heavily cemented and altered
than Last Interglacial calcarenites described in Gardner and McLaren (1993). The outcrop
from which samples no3 and no4 were obtained was mapped as part of the Searles Point
Formation (Chapter 3), classified as the earlier major phase of carbonate sedimentation on
the island.

Samples collected from caves in two aeolianite units, no7 and no8, contain a significan
amount of clay-rich micritic cement and possibly matrix. The samples are quite friable.
This fabric probably reflects the high clay content of the cements, possibly restricting
crystallisation of the calcite. The cement points to least one phase in which a meteoric
phreatic environment developed and most pores became infilled with micrite. This m a y
have occurred with the water table perched above the surface of the basalt. The high
proportion of micritised grains m a y also reflect a phreatic environment (Fliigel, 1982).
The fine material in these samples is likely to be the products of weathering of volcanic
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grains within the sediment as the volcanic grains are highly weathered and m a n y have
been at least partly dissolved. Therefore, at least some of the clay is autochthonous but a
diagenetic product. These cements have coated the allochems and appear to have
preserved them from the dissolution and recrystallisation (but not micritisation) evident in
the samples from nearby outcrops (no3 and no4).

Stratigraphic mapping indicates that samples from the caves (no7 and no8) and nearsurface samples (no3 and no4) are most likely from the same units (Fig. 3.42). The
different fabrics of these samples, therefore, reflect the spatial variability of the diagenetic
environment within an aeolianite unit, as suggested by Mattes (1974).
4.5.8 The Lagoon boat ramp and Signal Point
The basal aeolianite beds between the Lagoon boat ramp and Old Settlement Beach were
mapped as part of the Searles Point Formation. T w o samples, brl and br2, were obtained
by drilling 35 c m long cores. Sample brl comes from 20 m north of the boat ramp, 1 m
above M H W (beds brla, Fig. 3.45e). Sample br2 is from outcrop at a similar elevation in
a small embayment 60 m further north (bed set osb2a, Fig. 3.45b). Both samples have
coarse sparite in the form of pore-filling cement and recrystallised grains, with the
original grain morphology preserved by micritic rims (Fig. 4.8d, e). The coarse crystal
size of the cement (up to 100 p.m), relative lack of detrital inclusions and high degree of
pore occlusion suggest a meteoric phreatic diagenetic environment. S o m e laminae in brl
and br2 have a secondary, yellow-brown clay-rich micritic or cryptocrystalline cement
with detrital fragments, possibly related to weathering of volcanic minerals or
pedogenesis (Fig. 4.8f), recording the effects of a later stage of vadose diagenesis.

Point-count data for brl show a porosity of 1.3% (Table 4.2), while in br2 porosity w
estimated to vary from 1 0 % in the sparite-cemented sections, to 5 % in laminae with
relatively high proportions of micritic cement and clay. Numerous volcanic grains are
weathered and partly dissolved, forming secondary porosity. In brl, recrystallised,
micritic and unknown carbonate grains are abundant, red algal grains are c o m m o n ,
molluscan and volcanic grains are minor components, while preserved bryozoan or
foraminiferal grains are rare (Table 4.2). Compositionally, br2 is similar, with micritic
and red algal grains abundant, recrystallised grains c o m m o n and bryozoan and volcanic
grains rare.

Cores were also obtained in outcrops of low-angle laminae interpreted to be foreshore
deposits and part of the Neds Beach Formation (discussed in Chapter 3). Outcrops were
sampled at the western side of the boat ramp, sample br3 (bed set lc, Fig. 3.45e), and at
the eastern end of Old Settlement Beach, sample br4 (bed set lb, Fig. 3.45a). At both
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sites, these units onlap the basal aeolianite units. Both samples have a similar texture:
point counting was undertaken on br3, which comprises moderately sorted medium sandsize grains with a nearly symmetrical grain size distribution (Table 4.1).

In these samples, the cement is dominantly brown micrite, common at grain contacts an
around grain rims. Small patches of pore-filling cement are evident, with more pores
occluded in br4 (Fig. 4.9a). Both samples have minor patches where pores are occluded
with microsparite and rarely sparite (Fig. 4.9a, b). These cement forms and their variable
nature are typical of an early-stage, meteoric vadose diagenesis (Tucker and Wright,
1990; Gardner and McLaren, 1994).

Porosity in these samples is high, approximately 24% in br3 and estimated at between
- 3 0 % in br4. Micritic grains are the major granular component of sample br3, which also
has abundant red algal and recrystallised grains, c o m m o n volcanic and foraminiferal
grains and minor molluscan grains (Table 4.2). A similar composition was found in br4,
with red algal and micritic grains major components, molluscan grains c o m m o n and
volcanic grains rare.

Approximately 220 m south of the boat ramp, at Signal Point, two samples of the cross
bedded dune units mapped as part of the Neds Beach Formation were examined in thin
sections. Samples spl and sp2, from bed sets spl and sp3 respectively (Fig 3.45f, h)
have a similar texture and composition. Point-counting data of sp2 show it to be a
moderately well-sorted, medium-grained sand with a nearly symmetrical size distribution
(Table 4.1).

In both samples, cements are meniscus and grain contact micrite or microsparite (e.g.
Fig. 4.9c), with small areas of pore-filling microsparite. These cements are also typical of
a vadose environment that has experienced a minimal supply of pore water, typical of an
early-stage of diagenetic alteration. The degree of cementation is considerably less than
evident in sample br4 (6 % vs 12 %, Table 4.2, Fig. 4.9a, c).

Porosity is high, approximately 29% for sp2 and was estimated at between 30 - 40% for
spl. The grain composition of sp2 is characterised by abundant red algal and unknown
carbonate grains, c o m m o n micritic and molluscan grains, minor proportions of
foraminiferal and bryozoan grains, and rare echinodermal and volcanic grains (Table
4.2). Sample sp2 appears similar to spl: micritic and red algal grains are abundant,
molluscan grains are c o m m o n , while volcanic and foraminiferal grains are rare.

n

a) Sample br4; microstructures in molluscan (m) and red algal (ra) grains are mostly well preserved. A
micriticrimis evident around the large molluscan grain and has infilled several pores (mc). PPL, F O V = 1.56
m m . b) Sample br3; an area where microsparite forms grain contact cement and small pores are infilled with
sparite (s). Well-preserved red algal (ra), molluscan (m), bryozoan (b) and micritised molluscan ( m m ) grains
are evident. X P L , F O V =1.11 m m . c) Sample sp2; grains are weakly cemented by meniscus and grain
contact microsparite and micrite. Light brown miliolid (mf) and fusulinid (f) foraminiferal grains and coral?
(c) and partly recrystallised/micritised unknown carbonate grains (r). PPL, F O V = 1.56 m m . d) Sample lgb2;
Baculogypsina fragments (B), molluscan (m) and opaque micritic grains (mr, possibly faecal pellets). PPL,
F O V = 3.95 m m . e) Sample ccl; dominated by opaque micritic (m) and opaque and translucent volcanic
grains (v). PPL, F O V = 3.95 m m . f) Sample ccl; similar view as in e) under X P L , showing patchy cement at
grain contacts and rims on left and pore-filling microsparite on right. Numerous basalt (vb) and
ferromagnesium (v) grains are evident. X P L , F O V = 3.95 m m .
Figure 4.9: Photomicrographs of thin-section samples from the Lagoon boat ramp (a
br3, beach unit, Neds Beach Formation); Signal Point (c: sp2, dune unit, Neds Beach
Formation); Lagoon Beach (d: lgb2, beach sand), and Cobbys Corner (e, f: ccl, dune unit,
Cobbys Corner Member).
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A sample of the beach sand from Lagoon Beach (lgb2), 200 m south of Signal Point,
was also examined in thin section. Apart from a lower proportion of coral grains, it is
similar to the sample material from North Beach (no6): red algal grains are a major
component and molluscan and Baculogypsina foraminiferal grains are c o m m o n (Fig.
4.9d).

4.5.9 General features of samples from around the Lagoon boat ramp
The basal aeolianites (brl, brl) are grainstones which have been well-cemented with
coarse sparite and contain numerous recrystallised grains, probably recording intense
meteoric phreatic diagenesis. A latter stage detrital-rich cement, possibly related to a
period of pedogenesis, indicates a subsequent phase of meteoric vadose cementation,
further reducing porosity. These samples can be classed as diagenetically mature
(Longman, 1980). Outcrops from which sample material was obtained were mapped as
part of the Searles Point Formation.

In contrast, samples from the beach units (br3, br4) and dune units (spl, sp2) are w
cemented with dominantly micritic grain contact and meniscus cements, with patches of
pore-filling microsparite. In these samples few grains were recrystallised, no grain
replacement is evident and porosity is relatively high. This type of fabric is typically
found in aeolianite that has experienced early vadose diagenesis (Gardner and McLaren,
1993). Outcrops of these units were mapped as part of the Neds Beach Formation.
4.5.10 Samples from Cobbys Corner, Lovers Bay and Johnsons Beach
At the southern end of Lagoon Beach, aeolianite mapped as part of the Neds Beach
Formation crops out at Cobbys Corner and further south at Lovers Bay and Johnsons
Beach (Fig. 3.4). At Cobbys Corner, thin sections of samples from the three major
cross-bedded units were examined and point counting was undertaken on samples ccl
(+0.5 m M H W ) and cc3 (+6 m M H W ) , from the basal and top dune units respectively
(bed sets ccl a and cclc, Fig. 3.52a). These samples are moderately sorted and medium
(ccl) or coarse (cc3) grained. Sample ccl has a coarsely-skewed grain-size population in
contrast to cc3 which is finely skewed (Table 4.1).

The sample of the basal unit, ccl, contains micritic and microspar rim and grain con
cements. Pore-filling sparite and microsparite occurs in small areas (Fig. 4.9e, f). A few
grains have been dissolved and microsparite partly infills the grain moulds. The sample
from the unit above, cc2 (from +2 m M H W ) , is lightly cemented with orangey-brown
micrite/cryptocrystalline grain-contact cement that also occludes some smaller pores.
Sample cc3, from the dune unit above, has patches of rim and pore-filling microsparite
(Fig. 4.10a, b) and a second-stage brownish-orange cryptocrystalline grain-contact and
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pore-lining cement. The colour of this cement suggests it m a y include weathering
products from the volcanic grains (Fig. 4.10b). These cements are typical of early stage
vadose diagenesis (Gardner and McLaren, 1993), with the secondary cement in sample
cc3 probably recording the effects of pedogenesis or the weathering of the volcanic grains
within the sediment. Porosity in these samples is high, 2 2 % and 2 5 % for ccl and cc3
respectively, and was estimated at 3 0 % in cc2.

Aeolianite at Cobbys Corner is characterised by the large proportion of volcanic grai
and light-brown cement and was classified as the Cobbys Corner M e m b e r of the Neds
Beach Formation (section 3.13.1). Volcanic grains are dominant in ccl and cc3. In both
samples micritic grains are abundant, red algal grains are abundant in ccl and c o m m o n in
cc3, and u n k n o w n carbonate grains ( 6 % , 5 % ) are c o m m o n in both samples.
Recrystallised grains are a minor component in ccl and rare in cc3, while bryozoan, coral
foraminiferal and echinoderm grains are rare in both samples (Table 4.2). Sample cc2 has
a very similar composition to ccl and cc3, with volcanic grains dominant and red algal,
molluscan and micritic grains abundant.

The sample from Lovers Bay, Ibl, is from the unit interpreted as a beach deposit (bed
lb2a, Fig. 3.52e), part of the Neds Beach Formation. It is moderately sorted with
medium sand-sized grains and isfinelyskewed (Table 4.1). Cementation is very light,
with micrite and microsparite grain-contact and rim cements, and small patches of porefilling microsparite and sparite (Fig. 4.10f), indicative of early vadose diagenesis.
Porosity is high, at approximately 3 0 % (Table 4.2). Micritic grains are a major
component, red algal and unknown carbonate grains are abundant, while molluscan and
volcanic grains are c o m m o n (Fig. 4.10c). Bryozoan grains are a minor component and
other types of skeletal grains are rare (Table 4.2).

Samples of the three cross-bedded units exposed at the northern end of Johnsons Beach
were examined, thin-sections jbl,jb2 and jb3. Point counting was undertaken on
samples jbl and jb3, from the basal and top cross-bedded units respectively (bed sets
jbla and jblc, Fig. 3.52f)- These samples are composed of moderately well-sorted
coarse sand-sized grains, with a nearly symmetrical grain-size distribution (Table 4.1).
Sample jbl includes grain-contact microsparite and small patches of pore-filling sparite
and microsparite (Fig. 4.10d). Samples from the units above, jb2 and jb3, are
characterised by very light grain-contact micrite and small patches of pore-filling micrite
(e.g. Fig. 4.10e). Porosity in these samples is high, ranging from 3 0 % to 3 6 % (Table
4.2). Less than 1 % of the skeletal or peloidal grains have been recrystallised. These
features indicate that the samples have experienced only limited early vadose diagenesis.

a) Sample cc3; grain contact and rim dog-tooth sparite (ds) and microsparite, dominated by micritic (mr)
and volcanic (v) grains. A large micritic grain is partly recrystallised (r). PPL, F O V = 3.95 m m . b) Sample
cc3; microsparite and sparry rim and pore-filling cement, overlain by orange cryptocrystalline cement.
Foraminiferal (f) and molluscan (m) grains are well preserved. PPL, F O V = 1.56 m m . c) Sample Ibl; rim and
some pore-filling microsparite and sparite (s). Well-preserved red algal (ra), micritic (mr) and molluscan (m)
grains are abundant, and volcanic grains (v) are c o m m o n . X P L , F O V = 3.95 m m . d) Sample jbl; while most
grains in this sample have thin cement rims (cr), there are small patches of microsparite and sparite at grain
contacts (s), as shown here. Molluscan (m) and red algal (ra) grains are partly recrystallised. Pores in miliolid
fragments (mf) are infilled by microsparite. X P L , F O V = 1.56 m m . c) Sample jb3; micritic grains (mr;
possibly faecal pellets) with weak micritic grain-contact cement (mc). X P L , F O V = 1.56 m m .
Figure 4.10: Photomicrographs of thin-section samples from Cobbys Corner (a, b: cc3, dun
units, Cobbys Corner Member), Lovers Bay (c: Ibl, beach unit, Neds Beach Formation) and
lohnsons Beach (d, e: jbl, jb3, dune units, Neds Beach Formation).
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There are major differences in the proportions of several grain types between jbl and jb3
(Table 4.2): red algal grains are major in jbl but c o m m o n in jb3, while micritic grains are
c o m m o n in jbl and dominant in jb3. Also, volcanic grains are c o m m o n in jbl and rare in
jb3 (5.6% vs 1.0%), and foraminiferal grains are a minor component in jbl and rare in
jb3. Sample jbl is quite similar to jbl. The rarity of volcanic grains in jb3 suggests this
dune m a y have been some distance from a beach supplied with volcanic material from a
creek or cliff source. Likewise, the switch between the predominance of red algal to
micritic grains m a y indicate a change in sediment provenance. Possibly, this change saw
a switch in the supply of sediment to the dunes from an open beach system (jbl) to a
beach at least partiallyfringedby reef (jb3).

4.6 General petrological characteristics of the aeolianite
Grain-size data of the 26 samples examined indicate that 19 samples are medium-grained
sand, 7 are coarse-grained sand, all are moderately to well sorted, 15 have a nearly
symmetrical grain-size distribution, 8 arefinely(positively) skewed and 3 are coarsely
skewed (Table 4.1). These results contrast with aeolianite grain-size data from several
locations in which samples are m e d i u m or fine grained (Gardner, 1983; M c K e e and
Ward, 1983) and mostly positively skewed (Gardner, 1983). The coarser grain size of
the Lord H o w e Island samples compared to other locations m a y suggest that relatively
strong winds have transported these sediments or that they were emplaced close to a
beach source. Alternatively, the porosity of skeletal fragments, which is inversely
proportional to the density of the grains, m a y influence grain-size populations, especially
with highly porous foraminiferal grains, a minor to abundant component in the Lord
H o w e Island samples.
The diagenetic characteristics of the analysed beach, soil and dune units suggest two
major generations of carbonate on Lord H o w e Island. Distinct differences in the
diagenetic state of these deposits correlate well with the major lithostratigraphic divisions
proposed for the aeolianite. The earlier generation of deposits (Searles Point Formation)
is diagenetically mature compared to the generally lightly-cemented and mostly highlyporous later generation (Neds Beach Formation). Based on the samples analysed, units
comprising the earlier generation of aeolianite can be classified as sparry grainstones. In
contrast, the friable samples from caves at North Bay are micrite-rich grainstones, rather
than packstones, as thefinesare most likely diagenetic products. The earlier generation
samples, although containing patches of sparry cement, have higher porosity and
predominantly meniscus and partial pore-filling micritic cements, and can be generally
classified as lightly-cemented grainstones.
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At least two phases of cementation are evident in samples from the Searles Point
Formation. In samples from the boat ramp, Neds Beach and Middle Beach, pore-filling,
often coarse sparite and numerous recrystallised grains suggest these sediments have
experienced a period of intense meteoric phreatic diagenesis. At Neds Beach, a later
period of marine diagenesis is evident in the bladed isopachous microsparite which lines
grains and pores partially occluded by sparite. The more varied morphology and finer
crystal size of cements in samples from North Bay suggest a period of intense vadose
diagenesis. In most samples, secondary yellow to light brown (probably iron-rich)
cryptocrystalline cement, micrite and microsparite, with equant crystal morphology, are
products of subsequent vadose diagenesis.
At North Bay, low-angle beds along the shoreline (nol, nol) are well-cemented with
microsparite and sparite but have a lower proportion of recrystallised grains than outcrops
behind the shoreline (samples no3, no4, Table 4.2). The samples from inland are also
more heavily cemented than the shoreline units. These differences support the tentative
interpretation of the shoreline outcrop being part of the Neds Beach Formation while the
outcrops inland are part of the Searles Point Formation. The stratigraphic relationships
between these two outcrops, however, is not clear and the diagenetic difference m a y
merely reflect variability in the rate of diagenesis (Mattes, 1974; Evans and Ginsburg,
1987; Gardner and McLaren, 1994).
At the Lagoon boat ramp, Neds Beach and Middle Beach samples from both formations
were collected at a similar elevation and distance from the shoreline. These units have,
therefore, experienced similar groundwater movements and exposure to sea spray.
Consequently, it seems unlikely that contrasting environmental settings and therefore
different diagenetic rates can be invoked to explain the diagenetic differences in these
units (as discussed in Gardner and McLaren, 1994). It seems more likely that the
diagenetic maturity of samples from the Searles Point Formation is primarily a function of
the duration of the diagenetic processes rather than their greater intensity.

Samples of modern sediment from North Beach, Lagoon Beach and Neds Beach, in
general, contain a similar mix of grain types to the aeolianite samples. A n anomaly
between the modern and fossil samples is the c o m m o n occurrence of Baculogypsina
foraminifer in beach samples but their absence in the aeolianite samples. These
foraminifers are an epifaunal, shallow-water genus indicative of reef and lagoonal
environments with normal salinities and S S T of at least 25° C (identification by S. K.
Haslett, pers. comm., 1999). Their absence in samples of the aeolianite m a y reflect
changes in ocean currents, with the Holocene characterised by warmer water than
experienced during the Pleistocene periods of carbonate production. Lithoclasts and
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reworked grains in the sand sample from Middle Beach indicate that the aeolianite cliff
behind the beach is a major source of beach sediment.

Samples from caves at North Bay and aeolianite from The Big Slope, at the base of
Mount Gower, appear to have experienced phases of meteoric phreatic diagenesis, or a
vadose setting in which pore-water supply has been high, during which clay-rich micritic
cement has occluded most pores but relatively little has been recrystallised into
microsparite or sparite. In the North Bay samples, there are numerous patches of
microsparite and grains are extensively micritised, whereas skeletal grains in The Big
Slope sample are well preserved. This suggests the units at North Bay have experienced a
longer period of diagenesis. These data provide additional support for the classification of
aeolianite at The Big Slope as part of the Neds Beach Formation and the North Bay
outcrops as part of the Searles Point Formation.

4.7 Analysis of the compositional data
In this section, cluster analysis is used to objectively identify "natural" structures in the
compositional data (Hair et al, 1992). For the major groups identified, the significance
of the difference in the means of the petrological components is tested. Finally, distinctive
compositional and textural characteristics of the samples are examined.
4.7.1 Cluster Analysis
Q- and R-mode cluster analysis was performed on the petrological data using the Cosinetheta clustering algorithm (described in section 4.2). The Q - m o d e dendrogram (Fig.
4.12a) contains five distinct clusters, one comprising samples from the Searles Point
Formation (cluster A ) and four smaller clusters of samples from the Neds Beach
Formation (clusters B - D ) .

The major division in the dendrogram is between cluster A and the other four clusters samples in cluster A are dissimilar (negative similarity coefficients, S C ) to samples in the
other clusters (Fig. 4.12a). Cluster A is composed entirely of samples from the Searles
Point Formation, with only one sample from the formation, ne4, outside the cluster
(cluster E). However, ne4 is most similar (SC = 0.54, Table A 1.1) to sample brl in
cluster A and is positively correlated with all other samples in cluster A except mb3
(Table A2.1, Appendix 1), the negative correlation with mb3 apparently placing ne4
outside cluster A.
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Figure 4.12: Q and R mode dendrograms of the compositional data (16 classes, 24
samples, Cosine-theta algorithm).
Sample ne4 is also similar to nol (SC = 0.53) which is a sample of the shoreline outcrop
at North Bay. Sample nol was tentatively mapped as part of the Neds Beach Formation,
while outcrops further inland were mapped as part of the Searles Point Formation. Both
samples nol and ne4 are well-cemented, but have similar moderate proportions of

recrystallised grains and relatively high proportions of unknown carbonate grains (Tab
4.2), apparently representing less distinctive units of the two formations.
The three other clusters, B, C and D, represent subgroups of samples from the Neds

Beach Formation. Samples in each cluster exhibit specific stratigraphic relationships.
Within cluster B, the two samples from Cobbys Corner, ccl and cc3, from units mapped
as the Cobbys Corner Member of the Neds Beach Formation, are very similar (SC =
0.86). They have moderate to low similarity to other samples in the cluster (SC = 0.24

less for all samples in the custer except between ,/&/ and cc3 which have a SC of 0.55,
Table A2.1) which are from the base of successions at Johnsons Beach and Middle
Beach (jbl, mbl2 and mb4) and have similar proportions of molluscan and micritic
grains (Table4.2).
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Cluster C includes samples from dune units at Neds Beach (ne8) and Middle Beach
(mblO, mb5a)

m a p p e d as part of the Middle Beach M e m b e r (SCs, 0.78 - 0.60

respectively). These are clustered (SC = 0.35) with two samples from the upper units of
the Neds Beach Formation at Johnsons Beach (jb3) and Neds Beach (ne7). In cluster D,
two samples from Middle Beach, mb5 and mb6, from dune units in the lower part of the
Neds Beach Formation, are highly similar (SC = 0.70), but have a lower similarity
coefficient (SC = 0.32) with samples from beach units at the boat ramp (br3) and Neds
Beach (ne6). Cluster E comprises samples with relatively low similarity coefficients and
includes three samples from the beach units at Neds Beach (ne5), Lovers Bay (Ibl) and
the possible beach unit at North Bay (nol), and one sample from the Searles Point
Formation at Neds Beach (ne4).

The statistical significance of the major division in the dendrogram, between cluster
(Searles Point Formation) and clusters B, C, D and E (Neds Beach Formation) m a y be
assessed by applying a t-test to each compositional variable in the two groups of data
(Table 4.3). Although differences in the number of observations and variance in each
group (Neds Beach Formation, n = 18; Searles Point Formation, n = 8), especially the
relatively low number of observations for the Searles Point Formation, m a y reduce the
reliability of the generally robust t-test (Zar, 1984; Abacus Concepts, 1996), similar
outcomes using the non-parametric Mann-Whitney U-test suggest that the t-test results
are reliable (see Appendix 2, section A2.2.2 and Table A2.2).

Results of the t-tests reveal a significant difference between the two means of sever
the compositional variables: mollusc, foraminifer and recrystallised grains, and cement,
matrix and porosity have significantly different means at the 9 5 % confidence level (Table
4.3). All other means are not significantly different. These results show that while several
of the compositional variables are distinctly different between formations, many variables
are similar.
Clusters in the R-mode dendrogram also appear related to the lithostratigraphic
classifications. Four clusters are evident (Fig. 4.12b). In cluster A, cement, matrix (SC =
0.75) and recrystallised grains (SC = 0.82), indicators of diagenetic maturity, are highly
similar. These features are c o m m o n in samples of the Searles Point Formation. Calcitic
grains (micritic, redalgal and echinodermal grains) characterise cluster B. The relatively
low similarity coefficients most probably indicate the wide range of proportions of red
algal grains in the samples (Table 4.2). Cluster C represents the grains that are most often
aragonitic; coral and unknown grains (most likely coral, bryozoan and molluscan grains)
and micritic grains, however, correlations coefficients are low. Clusters D includes
molluscan, bryozoan and foraminiferal grains, grains which are both aragonite and
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calcific (Appendix 2, section 2.1), and porosity. Features of these two clusters are
characteristic of outcrops that have experienced little diagenetic alteration, as seen in
samples from the Neds Beach Formation, especially the Middle Beach and Cobbys
Corner Members. Both clusters C and D are negatively correlated with clusters A and B.
This major division in the dendrogram indicates components and features that are
typically found in the Searles Point Formation and Neds Beach Formation, that is,
clusters A/B and C/D respectively.

4.8 Distinctive compositional characteristics of the major units
Three components, recrystallised grains, porosity and cement, that are significantly
different in the two lithostratigraphic formations (Table 4.2), are graphed in a ternary plot
(Fig. 4.13a). T w o clusters are evident, displaying the diagenetic and major lithologic
differences between the Neds Beach and the Searles Point Formations. Samples from the
Searles Point Formation form a diffuse cluster with relatively high proportions of cement
and recrystallised grains and lower proportions of pore space. T w o samples from units
mapped as the Neds Beach Formation (mb5 and nol) plot near this cluster. They exhibit
a relatively high proportion of cement compared to the other samples of the formation that
form a relativelytightand distinct cluster. These two samples are from units in the base
of cliff exposures and m a y have experienced relatively more intense vadose diagenesis or
even relatively brief periods of phreatic diagenesis.

There are similar proportions of several of the skeletal components in many samples (re
algal, bryozoan, echinoderm, u n k n o w n carbonates and lithoclasts; Table 4.2). This
general compositional similarity is indicated in a plot of the major classes of carbonate
grains, peloidal and skeletal (described in Appendix 2), and volcanic grains. These broad
categories incorporate all grain types (Fig. 4.13b). In this figure, there is a relatively tight
cluster of all but three of the samples. Samples from Cobbys Corner, ccl and cc3, are
clearly differentiated from the main cluster by their high proportions of volcanic grains.
This m a y indicate deposition near a source rich in volcanic sediments (e.g. a beach
adjacent to a volcanic cliff or a stream). The sample from the upper unit at Johnsons
Beach, jb3, is characterised by a relatively high proportion of peloidal grains,
predominantly micritic, possibly reflecting a greater input from a reefal source or greater
micritisation of the deposit. The micritic grains m a y also comprise a proportion of faecal
pellets (discussed in Appendix A 2 ) , suggesting a lagoonal source
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Table 4.3: Mean values of the petrological components of samples from the two major
lithostratigraphic units examined in thin sections. The significance of the difference of
means of each component between the two formations is indicated by the results of t-tests
(t-Value and P-Value, Degrees of Freedom = 24). The P-Values in bold indicate a
significant difference at the > 95% confidence level.
Variable

Formation

NBF
SPF
bryozoan
NBF
SPF
mollusc
NBF
SPF
foraminifer
NBF
SPF
coral
NBF
SPF
echinoderm
NBF
SPF
micritic
NBF
SPF
recrystallised NBF
SPF
NBF
unknown
carbonate
SPF
lithoclast
NBF
SPF
volcanic
NBF
SPF
cement
NBF
SPF
matrix
NBF
SPF
porosity
NBF
SPF
redalgal

Mean
13.022
13.488
3.322
2.500
8.450
4.488
4.206
0.725
0.317
0.188
0.689
0.650
16.206
13.350
1.911
12.275
9.217
8.500
0.750
0.575
4.456
3.725
9.828
28.962
0.739
3.887
27.206
6.838

Variance Std. Dev. Std. Err
37.896
21.081
8.185
1.854
4.013
2.638
20.719
0.216
0.047
0.138
0.269
0.226
40.956
15.349
3.236
16.062
24.141
22.269
0.507
0.419
39.736
7.948
28.972
48.234
0.732
5.027
62.57
16.986

NBF: Neds Beach Formation (n = 18)
SPF: Searles Point Formation (n= 8)

6.156
4.591
2.861
1.362
2.003
1.624
4.552
0.465
0.218
0.372
0.519
0.475
6.400
3.918
1.799
4.008
4.913
4.719
0.712
0.648
6.304
2.819
5.383
6.945
0.856
2.242
7.910
4.121

1.451
1.623
0.674
0.481
0.472
0.574
1.073
0.164
0.051
0.132
0.122
0.168
1.508
1.385
0.424
1.417
1.158
1.668
0.168
0.229
1.486
0.997
1.269
2.455
0.202
0.793
1.864
1.457

Mean
Diff.

t-Value

P-Value

-0.465

-0.191

0.8504

0.822

0.769

0.4496

3.963

4.907

<0.0001

3.481

2.134

0.0433

0.129

1.118

0.2746

0.039

0.181

0.8581

2.856

1.161

0.2569

-10.360

-9.234

<0.0001

0.717

0.347

0.7315

0.175

0.593

0.5585

0.731

0.311

0.7581

-19.140

-7.657

<0.0001

-3.149

-5.260

<0.0001

20.368

6.829

<0.0001
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Figure 4.13: Ternary plots of various compositional types (relative proportions are
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Although the samples exhibit general homogeneity in the proportions of the two broad
classes of carbonate grains, variations in specific components, for example, volcanic, red
algal and foraminiferal grains, differentiate samples of the two members of the Neds
Beach Formation (Fig. 4.13c).

In Figure 4.13c, the majority of samples from both the Neds Beach and Searles Point
Formations form a diffuse group with varying proportions of volcanic and red algal
grains, but similar low proportions of foraminifer. T w o other sets of samples plot in
separate clusters. Samples from Cobbys C o m e r (ccl, cc3) are distinguished by the high
proportion of volcanic grains, supporting the classification of these units as a separate
member of the Neds Beach Formation, the Cobbys Corner Member. Also, samples from
Neds Beach and Middle Beach mapped as the Middle Beach M e m b e r of the Neds Beach
Formation (ne8, mb5a and mblO) are differentiated by their distinctly higher proportions
of foraminiferal grains and lower proportions of volcanic grains.
The large miliolid foraminiferal component in the Middle Beach Member appears to
record a change in provenance or reworking that m a y have preferentially sorted the
sediment; miliolid grains have a relatively low drag coefficient due to their highly porous
test (Fig. 4.3d, e; Fig 4.6c, d). The great mobility of these grains is evident in western
India where miliolid fragments form a component of aeolianites located more than 400
k m inland from the coast (Goudie and Sperling, 1977). Sample ne7 also plots with
samples from the Middle Beach M e m b e r (Fig. 4.13c), suggesting little compositional
difference in the aeolianite above (ne8) and below (neT) the Middle Beach protosol at
Neds Beach. However, in the Q-mode dendrogram (Fig. 4.12a), ne7 is more similar to
sample jb3 (top dune unit, Johnsons Beach; mapped as part of the Neds Beach
Formation) than samples of the Middle Beach M e m b e r (data matrix: Table A2.1).

Two distinctive assemblages of skeletal carbonate are evident in the samples examine
thefirst,in the majority of samples from both the Searles Point and Neds Beach
Formations, red algal grains are predominant and molluscan grains form a major
component. Although micritic and unknown carbonate grains are also a major component
of several samples, m a n y of the micritic grains were initially red algal and molluscan
grains that have been diagenically micritised and significant proportion of the unknown
carbonates are most llikely molluscan grains lacking microstructures, in part due to
diagenesis. Significant minor components are bryozoan and foraminiferal grains. This
carbonate assemblage is typical of a Subtropical Heterozoan provenance found on open
shelves with few reefs (Table 2.1; James, 1997). The second distinctive skeletal
carbonate assemblage evident was found in samples of the Middle Beach M e m b e r in
which Miliolid foraminiferal grains are dominant and molluscan and micritic grains are
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minor components. This assemblage is typical of a Temperate Heterozoan provenance
found on open shelves with no reefs (James, 1997). A s discussed above, the assemblage
of carbonate grains evident in the aeolianite samples m a y not entirely reflect the
assemblage of shallow-marine carbonate biota that existed in the provenance from which
the sediment was derived if the sediment has experienced selective reworking. The
relationships between the assemblages of carbonate fauna evident in the aeolianite
samples and processes of shoreline sedimentation, the morphology of the platform
surrounding the island, Pleistocene sea-level change and ancient carbonate provenances
which existed on the Lord H o w e platform are examined in Chapter 7.

4.9 Conclusions
Observations of diagenetic features and analysis of compositional and textural data of
samples from a range of units and outcrops have provided considerable insight into the
depositional history and lithologic character of the aeolianite. Thesefindingssupport the
lithostratigraphic mapping and reveal the distinctive petrological features of the units
identified that m a y be summarised in the following points:
1) Grain-size analysis shows that the samples are predominantly coarse- to mediumgrained, moderately well-sorted to well-sorted grainstones, with nearly-symmetrical to
coarsely-skewed grain populations. This grain size is coarser than reported in past studies
of aeolianite, but similar to the m o d e m dune sands on Lord H o w e Island (Mattes, 1974).
The results m a y be a result of the highly energetic wind regime the island experiences
(section 1.2.4) or a relatively short sediment transportation distance. Also, the low
density of the porous skeletal detritus (e.g. miliolid foraminifera) leads to a relatively
coarser grain size (e.g. mblO, with - 1 1 . 5 % miliolid component, is a coarse sand).
Generally, foraminiferal, micritic and red algal grains are the coarser skeletal
components.
2) The diagenetic maturity of samples examined is closely related to the stratigraphic
position of the aeolianite units and, therefore, is mostly a product of the duration of
diagenesis. T w o phases of meteoric diagenesis are evident in samples from the Searles
Point Formation. T h efirststage is characterised by sparry cements which occlude most
pores, recrystallised grains and some sparry grain replacements that suggest a relatively
long period of phreatic diagenesis. Micritic cement has infilled pores in samples from
caves and m a y also record a phreatic environment. A more recent period of vadose
diagenesis is suggested by secondary clay-rich micritic and cryptocrystalline pore-lining
and patchy pore-filling cements, and is most likely to be related to pedogenesis. Samples
from the Neds Beach Formation exhibit diagenetic features typical of early vadose
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diagenesis, that is, well-preserved skeletal carbonate grains, lightly to moderately
cemented with grain-contact and meniscus micrite, and patchy pore-filling microsparite
and sparite. Cluster analysis clearly differentiates samples from the two formations,
primarily on the basis of their diagenetic parameters.

3) Samples from the two lithostratigraphic formations also exhibit characteristic granul
properties. Cluster analysis clearly groups samples from the Searles Point Formation and
samples from the Middle Beach and Cobbys Corner M e m b e r s of the Neds Beach
Formation into three discrete clusters with high inter-cluster similarity coefficients. Other
samples from the Neds Beach Formation group into three clusters with moderate to low
similarity coefficients, that appear to reflect the relatively wide range in the proportions of
the major granular components in these samples.
The R-mode clustering of the petrological parameters also bears out the relationship
between lithostratigraphic units and composition. Diagenetic products are clustered,
pointing to the time dependent nature of these parameters, together with calcitic skeletal
grains, reflecting the higher proportions of these grains in the diagenetically mature
Searles Point Formation. In a distinct separate cluster are the aragonitic grains and
porosity, features that indicate the weak cementation and minor alteration of samples from
the Neds Beach Formation. These features record the effect of diagenesis on the observed
grain composition - aragonitic grains are less likely to be preserved in the lower
formation.
4) In ternary plots combinations of recrystallised grains, pore space, cement, volcanic
grains, foraminiferal and red algal grains clearly separated samples of the two formations
and the two m e m b e r s of the N e d s Beach Formation. T w o distinctive assemblages of
carbonate sediment typical of Subtropical and Temperate Heterozoan carbonate
provenances are evident in the samples. F r o m a broader petrological perspective, the
general homogeneity of these carbonate deposits is indicated by their similar proportions
of peloidal and skeletal components.
In conclusion, the results of the petrological analyses in this chapter agree well with
lithostratigraphic classifications proposed in Chapter 3. T h e observations of thin sections
have identified the underlying petrological basis of thefield-basedinterpretation that the
aeolianite comprises two lithostratigraphic formations, the Neds Beach Formation and
Searles Point Formation. T h e petrological data has also revealed the distinctive lithologic
character of m e m b e r s of the Neds Beach Formation. Geochronological assessments in
Chapters 5 and 6 will further test and calibrate the well-defined stratigraphy.
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Chapter 5: Radiocarbon, Thermoluminescence and UraniumSeries dating of the aeolianite

5.1 Introduction
This chapter critically examines the results of radiocarbon ( 14 C) dating of fossil snails
and lagoonal sediments, thermoluminescence (TL) dating of palaeosols and dune
sediments, and uranium-series (U/Th) dating of corals and speleothems. These data
provide an opportunity to critically assess the accuracy of the previously reported

14

C

ages of the aeolianite (discussed in Chapter 2). The T L and U/Th methods also have the
potential to extend the chronology of the aeolianite beyond the limit of the 1 4 C method,
which is approximately 42,000 yrs B P in this study. In Chapter 3, the aeolianite was
shown to include a succession of dune and palaeosol units stratigraphically below the
beach unit at Neds Beach. A s the beach unit appears to have been emplaced during the
Last Interglacial, application of the T L and U/Th methods to the lower succession of
dune units m a y considerably extend the chronology of the aeolianite.

The U/Th dating program reported in this chapter is especially important in establishi
firm chronological framework for the aeolianite. The U/Th method is based on the
measurement of the U-series isotopes in sample material. Significantly, the rate of
radioactive decay is not influenced by the diagenetic environment and any postdepositional introduction or loss of U or T h into or from a sample can usually be detected
in the isotope data. T h e successful application of the U/Th method, therefore, m a y
provide reliable chronostratigraphic markers in the aeolianite to approximately 350 ka,
the limit of the method.
The chapter is divided into two major sections, the first involves 14C and TL
chronologies and the second the program of U/Th dating. T h e U/Th dating was
undertaken by the author and in this section more emphasis is placed on methods. In
both sections, the results are critically assessed and checked against the stratigraphy of
the aeolianite as defined in Chapter 3. The age data obtained in this chapter are shown to
provide important insights into the Quaternary geochronology of the island.

5.2 Radiocarbon and Thermoluminescence dating strategies
Several samples were collected from a range of aeolianite units on Lord H o w e Island and
dated using

14

C and T L methods. Samples for 1 4 C and T L dating were submitted to

specialist dating laboratories and the methods employed are only briefly discussed
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below. M o r e attention is given to a critical assessment of the significance of the derived
ages, especially their stratigraphic context, reliability and implications for
chronostratigraphic interpretations.

5.3 Radiocarbon dating
Radiocarbon dating was undertaken, using the classical beta-counting method and the
more recently developed Accelerator Mass Spectrometry ( A M S ) method. There have
been several major reviews of these methods (e.g. M o o k and Streurman, 1983; Gupta
and Polach, 1985; Geyh and Schleicher, 1990; Arnold, 1995; Litherland and Beukens,
1995) and the following section provides only a brief outline of the general principles.
Although both methods measure the amount of 14C within a sample, in the classical
technique the 1 4 C content is assessed by counting beta emissions, while in the A M S
method, 1 4 C , 1 3 C and 1 2 C ions in a sample are counted. Based on the 1 4 C decay rate and
the content of a m o d e m (pre-1950) standard, an age for the organicfractionis calculated.
Conventional age calculations are m a d e employing the "Libby" 1 4 C half-life of 5,568
yrs. Changes in the fractionation of carbon isotopes due to chemical or physical
processes necessitate corrections in the age calculations, obtained by measuring the
13

C/ 1 2 C ratio in the sample. The age limit of both methods is approximately 40,000 -

50,000 yrs, depending on laboratory conditions (Gehy and Schleicher, 1990; Arnold,
1995; Litherland and Beukens, 1995).
The major practical advantage of the AMS method is the relatively small sample mass
which can be analysed. For shell, the initial sample mass required is approximately 50
m g compared to >30 g for standard beta counting. Samples for A M S

14

C dating were

submitted to the A N T A R E S facility at the Australian Nuclear Science and Technology
Organisation ( A N S T O ) , Sydney. The A M S dating program was funded by an Australian
Institute of Nuclear Science and Engineering grant ( A M S , A R C 95/R171). This facility
uses a tandem V a n de Graaff accelerator, providing a sensitivity 5 - 9 orders of
magnitude greater than conventional mass spectrometry. Details of the techniques
employed at this laboratory are provided in Fifield et al. (1994). O n e sample was
submitted to the N . W . G . Macintosh Centre for Quaternary Dating, University of
Sydney, for 1 4 C dating using the classical technique.
The small sample size utilised in AMS 14C dating permitts the same individual fossil
be analysed using the A m i n o Acid Racemisation ( A A R ) technique. Analysis by the two
techniques is a convenient means of checking the consistency of results of the two
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methods and possibly of providing radiometric calibration for the amino acid
racemisation rate (discussed in detail in section 6.3.2).
In the following section, in relation to previously reported 14C ages and the 14C ages
presented below, problems inherent in 1 4 C dating molluscs buried in permeable coastal
sediments are discussed. Sites, samples and sample preparation are then described and
the 1 4 C ages obtained are presented and critically assessed. Finally, the established
chronology for the aeolianite on Lord H o w e Island is reassessed in light of the n e w
dates.
5.3.1 Problems encountered with 14C dating Late Pleistocene molluscs
Fossil mollucs m a y experience contamination by allocthonous carbon both in situ,
especially from humic substances, rootlets or soil carbonates, or by the incorporation of
modern carbon during the collection, transport and storage of samples (Bradley, 1985).
It is also possible background contamination in A M S sample preparation procedures has
influenced the age of the samples dated (Litherland and Beukens, 1995).

Laboratory contamination of AMS samples involves the introduction of foreign carbon in
the sample during chemical pretreatment procedures, while A M S ion counting has
virtually a zero background. Samples are exposed to background levels of 1 4 C activity
during acid hydrolysis (CO2 evolution from carbonates) and graphitisation processes
which m a y induce error in the measured age, especially for samples with 1 4 C activity
less than this background level. For example, a sample with a true age of 70,000 yr will
return a 1 4 C age of 40,000 yr B P if this is the background level of radiocarbon in the
preparation process (Litherland and Beukens, 1995). However, at several A M S and
beta-counting 1 4 C dating laboratories, uncontaminated samples are successfully dated to
between 5 0 - 60 ka (Litherland and Beukens, 1995).
The in situ contamination of samples often relates to the influence of percolating
groundwater. Numerous studies of the uranium-series geochemistry of fossil mollucs
have clearly shown the susceptibility of shells to uptake groundwater containing
uranium-series isotopes during their burial history and thus render shell problematic or
unsuitable for uranium-series dating (Burnett and Veeh, 1992). Groundwater often also
includes humic and fulvic acids (Osmond and Ivanovich, 1992) with a 1 4 C content
different from the in situ fossils.

Although the shells dated in this study are terrestrial molluscs, they have experience
similar environmental conditions during their depositional history to shells found in
raised marine and lagoonal deposits in southeastern and southern Australia, the subject of
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several geochronological studies that have involved 1 4 C dating. Significantly, at several
sites, marine molluscs of Last Interglacial age (oxygen isotope substage 5e) have
returnedfiniteconventional 1 4 C ages. For example, Pecten meridionalis from Mary A n n
Bay in Tasmania yielded a conventional 1 4 C age of 39,000 +800-700 yr B P (SUA-2925)
and specimens of Katelysia sp. from Flinders Island in Bass Strait have a 1 4 C age of
31,100 ±300 yr B P (SUA-3000), both samples collected from deposits emplaced during
the Last Interglacial based on A A R and E S R analyses (Murray-Wallace and Goede,
1995). The finite

14

C ages were considered m i n i m u m ages, reflecting 1 - 3 %

contamination by modern carbon that could not be removed during sample pretreatment
(Murray-Wallace and Goede, 1995).

Several similar results have also been reported. At Port Wakefield in South Austral
Anadara trapezia shell collected from a Last Interglacial raised shallow marine deposit
returned a 1 4 C age of 37,200 ±600 yr B P (SUA-2972; Murray-Wallace et al, 1999a). In
a raised beach deposit at Robe in South Australia, part of a Last Interglacial barrier
(Belperio et al, 1996), Anadara and Katelysia shells have a 1 4 C age of 24,950 ±300 yr
B P (GaK-656; Blackburn, 1966). At Largs, on the central coast of N e w South Wales,
two

14

C ages have been reported for shell from a raised estuarine deposit recently

identified as Last Interglacial (Murray-Wallace et al, 1996a), with conventional 1 4 C ages
for Anadara trapezia of 34,390 ±370 yr B P (SUA-3008; Murray-Wallace et al, 1996a)
and >37,000 yr B P (0-1843; Langford-Smith and Thorn, 1969).

As shown above for southern and southeastern Australia, coastal settings similar to
H o w e Island, percolating groundwater containing organic compounds appears to
inevitably lead to some degree of contamination by younger carbon in molluscs.
Processes responsible for and the effect of this form of contamination have been
reviewed by numerous authors (e.g. Bradley, 1985; Gupta and Polach, 1985; Gillespie,
1990; Head, 1990; Geyh and Schleicher, 1990; Arnold, 1995; Litherland and Beukens,
1995). These publications highlight the large dating errors propagated by modern or
younger carbon contamination in relatively old (>25,000 yr) material, such as shells,
which have low levels of indigenous
40,000 yr the original

14

14

C. For example, in a shell with a true age of

C content has been reduced by a factor of 500; as a

consequence, 1 % contamination with recent carbon provides a conventional 1 4 C age of
30,000 yr B P (Gillespie, 1990; Geyh and Schleicher, 1990), while a sample with a true
age of 100,000 yr and contaminated by just 0.1 % modern carbon will have a 1 4 C age of
37,000 yr B P (Gupta and Polach, 1985).

It is important to note that laboratory background values have also been obtained f
marine mollusc shell, for example, Pecten samples from the outer continental shelf of
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N e w South Wales (Murray-Wallace et al, 1996b). Radiocarbon analyses of Pecten
fumatus from these cores returned only background results: 40,000 yr B P for the
samples measured at the A N S T O A M S radiocarbon dating facility at the time the samples
were prepared, and 52,000 yr B P for the liquid scintillation beta counters at Sydney
University (Murray-Wallace et al, 1996b). These shells were recovered from vibrocores
of a shallow marine facies which has never been subaerially exposed. A n y younger
carbon that was mobilised in the deposits has not contributed to the 1 4 C age of the shells,
probably due to the absence of weathering of the shell matrix in this submarine
environment.

Gupta and Polach (1985) suggest procedures which can be adopted to evaluate the
presence and quantity of contamination in samples which involves: i) comparison of the
14

C age of the different fractions of a sample; ii) quantification of contamination,

possible after the relative proportions of the different fractions of a sample have been
assessed; iii) adoption of suitable decontamination procedures where appropriate (e.g.
alkaline and acidic washes) or where this is not appropriate, cross-checking the results
by dating other types of material from the same unit. Significantly, these authors also
support the necessity for clearly definedfieldrelationships so that cross-checking also
involves an assessment of the stratigraphic context of the sample to establish its relative
age. Apart from simple pretreatments and stratigraphic assessment, Gupta and Polach
suggest these procedures are not commonly undertaken due to the nature of material
being dated, the size of the sample, facilities available at the dating laboratory and the
considerable costs involved (Gupta and Polach, 1985).
In this study, all units from which samples were collected have been thoroughly
stratigraphically assessed (Ch 3). Samples were carefully selected, cleaned and acid
washed to ensure the best preserved, clean shell was analysed. T w o samples from each
protosol were submitted for A M S dating and amino acid D/L ratios were measured in the
same samples to provide a cross-check for the 1 4 C age determinations.

5.4 Previous 14C dating of samples from aeolianite units on Lord Howe
Island
Past studies of the aeolianite on Lord H o w e Island (discussed in section 2.6, Table 2.3)
have based geochronological interpretations on

14

C ages of fossil land snails

(Placostylus bivaricosus), calcarenite and coral (Squires, 1963; Mattes, 1974; Kaplin,
1974). A s shown by the initial U/Th and T L dating results (Woodroffe et al, 1995), the
finite

14

C ages for aeolianite and coral samples from Neds Beach likely reflect

contamination of these Late Pleistocene sediments by younger carbon.
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A

14

C age of 20,700 ±700 yr B P on several Placostylus from the swale unit in the base

of the cliff at the southern end of Middle Beach (from the Middle Beach protosol, in the
top of unit mb7, section 3.6.7) suggested emplacement of the overlying dunes shortly
after the Last Glacial M a x i m u m (Squires, 1963), and supported the theory of Standard
(1963) that aeolianite was emplacement on Lord H o w e Island during the Last Glacial
M a x i m u m (more recently classified as marine oxygen isotope stage 2) when sediments
exposed on the platform surrounding the island were thought to have been reworked into
dunes (Standard, 1963; Sutherland and Ritchie, 1974; McDougall et al, 1981). Similar
radiocarbon ages were obtained by Kaplin (1974) for aeolianite at Signal Point, on the
west coast (section 2.6).

5.5 Collection of samples on Lord Howe Island for 14C dating
A total of 9 Placostylus and 2 calcareous red algae (Lithothamnion sp.) samples were
submitted for 1 4 C dating. The Placostylus were recovered from protosol units exposed in
retreating aeolianite cliffs at Neds Beach and Middle Beach, on the east coast, and from
Johnsons Beach, Signal Point and Old Settlement Beach on the west coast (details in
Table 5.1). The Lithothamnion

samples were selected from a vibrocore of lagoon

sediment taken from North Bay, offshore from North Beach (LV9, Kennedy in prep.).

All samples for 14C dating were mechanically cleaned in filtered and distilled water,
-0.3 m m of the outer surfaces of the shells (not Lithothamnion samples) was removed
using a dental drill, followed by ultrasonic cleaning and finally an acid etch with 2 M
HC1. Samples were also checked under a microscope for bacterial or algal contamination
and for any signs of recrystallisation. The small sample size permitted the best preserved,
thickest section of each sample, mostly the thick apertural lip of the snails, to be selected
for dating (details of the samples and theirfieldsetting are provided in Table 5.1).

5.5.1 Placostylus samples
Placostylus bivaricosus is a large gastropod, up to 75 m m long (Fig.5.1a, b), which
today is restricted to a few small refugia - shortly after the arrival of rats on the island in
1928 their numbers were decimated, along with Gudeoconcha

sophiae, a smaller

gastropod with a thin calcareous test (Smithers et al, 1977; Fig. 5.1c).

Gudeoconcha

was considered less suitable for , 4 C dating due to its smaller size (Fig. 5.1c) and thin
shell. In addition to the fossil snails, two subfossil Placostylus from soil horizons
(which m a y predate atmospheric nuclear explosions) were dated to check for any uptake
of 'old' carbon. These shells were both 1 4 C ( A M S ) and A A R dated to gain insight into
the age of the soil and provide an age check on shells that m a y provide D/L ratios
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representative of modern values. The

14

C ages determined for this study are presented

below (Table 5.1).

On the lagoon coast, at the northern end of Johnsons Beach, shells were collected fr
protosol outcrop near the top of the aeolianite cliff (samples jbp957, jbp961). A n
additional sample was recovered 1 m above the protosol, from the C horizon of a weak
podzolic soil (jpb958) formed on the sand sheet which caps the aeolianite. The shell from
Signal Point (LH94/12), 2 k m north of Johnsons Beach, was also obtained from a
protosol exposed in an aeolianite cliff. A further 400 m N , the sample from Old
Settlement Beach (osbp941) was recovered from the cliffed bank of a stream which has
cut into the foredune at the southern end of the beach (details in Table 5.1).

On the east coast, Placostylus samples utilised for 14C dating were the best-preserve
specimens of several shells collected at Neds Beach and Middle Beach. The shells were
recovered from protosol exposures near the top of these aeolianite successions. The
protosol exposures were mapped as part of the Middle Beach protosol, a major
discontinuity at the top of dune units nelO at Neds Beach and mb7 at Middle Beach (Fig.
5.2; stratigraphic details in section 3.7.7).
Based on the field descriptions of Squires (1963), at Middle Beach Placostylus were
collected from the same protosol that the earlier shell samples were obtained by Squires
(1963). O n e sample was recovered from the protosol exposure at the southern end of the
beach (mbp961), the second (mbp962) 150 m to the N. The small sample size (276 - 882
m g ) and careful preparation of the shells reduced the influence of contamination by
younger carbon, potentially a significant problem especially with large samples required
for the classical 1 4 C dating method, as utilised in the earlier study of Squires (1963) - up
to 4 Placostylus would have been required for this 1 4 C analysis.
5.5.2 Calcareous red algae samples
T w o samples of calcareous red algae (Lithothamnion sp.) from lagoon vibrocore L V 9
were collected from 84 c m and 127 c m below the top of the core. They were dated by the
14

C method to help calibrate the A A R "whole-rock" data (Chapter 6) as red algal grains

comprise a major component of the aeolianite (section 4.5). The upper sample (v9a-84, 5
branches of algae; Table 5.1) is from a transitional zone between a sandy m u d and
gravelly m u d facies. T h e lower sample (v9a-127, one segment of algae) is from the
gravelly m u d facies.

Figure 5.1: Shells of the two large terrestrial snails of Lord Howe Island, a) A subfossil sampl
Placoxtyl^x bivaricosus. from the base of a soil profile exposed in the aeolianite cliff at Sign
Point, b) A fossil sample of Placostylus bivaricosus from a protosol exposed in the top of the
aeolianite cliff at Johnsons Beach. The shell is considerably more robust than the subfossil sam
c) A modern sample of Gudeoconcha sophiae. The shell is much smaller and thinner than the
Placoxfybj? shells.
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Table 5.1: Field and sample descriptions and
algae samples dated by AMS
ofO in samples dated by AMS
conventlab no./
location
sample
no.

14

C ages for Placostylus and calcareous red

and beta-ray counting methods. Assummed
813C values1
and -6 in the sample dated by the beta-ray method.

setting

sample description

weight
(g)

ional
comment
Cage
(±lo~ error)
14

Placostylus bivaricosus
OZC-219 Johnsons Beach, Well-developed
protosol, 18 m above
jbp957 N end, readily
accessible.
M S L in aeolianite cliff
Base
of C horizon in
O Z C - 2 2 0 Johnsons Beach.
soil
profile,
top of
Nend.
jbp958
aeolianite cliff, 19 m
above M S L .
OZC-221 Old Settlement Foredune, 2 m above
osbp941 Beach, E end of M S L , W side of creek
beach, readily
cutting in foredune.
accessible.
OZC-309 Johnsons Beach, Well developed
protosol, in cliff 18 m
jbp961 Nend.
above M S L .
OZC-310 Middle Beach, N Well developed
protosol horizon in
mbp961 3 end of pocket
beach, readily
swale unit, 2.5 m
accessible.
above M S L in base of
aeolianite cliff.
OZC-311 Middle Beach, S Well-developed
protosol in swale unit,
m b p 9 6 2 3 end of sandy
pocket beach,
3 m above M S L in
ladder required. base of cliff.
OZC-312 Neds Beach, S E well developed
protosol, 23 m above
nbp961 end of beach,
abseiling equip. M S L in aeolianite cliff
required
OZC-313 as above
nbp962

as above

SUA- Signal Point, N
side, extension
3101
LH94/12 ladder required.

Protosol in cliff
exposure, 5 m above
MSL.

Section of aperture from
0.369
well-preserved shell, light
brown & cream colour.
Section of aperture from
0.379
well-preserved shell with
red/brown pigment.
Section of aperture from
well-preserved orangeybrown (pigment) shell.

0.345

Section of aperture from
well-preserved shell, cream
colour.
Section of aperture from
well-preserved shell,
cream-coloured, minor
secondary carbonate
cement.
Section of aperture from
well-preserved shell; small
patches of green algae on
exterior of shell.
Section of aperture from
well-preserved shell,
cream-coloured & some
orange pigment, minor
secondary CaC03 cement
Section of aperture from
well-preserved shell with
minor weathered sections,
small patch of green algae
on apex of shell
Well-preserved shell,
light-brown & cream
colour.

0.349

Calcareous red algae
Branching coralline algae,
Lagoon vibrocore
LV9, algae from 84 c m 5 fragments, cream
below surface, sandy coloured.
mud facies.
Branching coralline algae,
Lagoon vibracore
LV9, algae from 127 1 piece, light grey & white
colour.
c m below surface,
gravelly mud facies.

NDFB2

background
result:
>42ka
no precise
modem
(post 1950) result: low
C ion
output
490 ±65

39,700
±2,400
ion output
too small
to give a
result

0.276

0.508 35,800 ±750

0.882

NDFB

ion output
too small
to give a
result

0.393

~6

background
result:
>42ka

NDFB

40,750
+1,650
-1,250

corrected
for 4marine
reservoir:
3,970 ±85
0.104 6,130 ±100 corrected
OZC-223 as above
for marine
V9a-127
reservoir:
5,680 ±105
1
the assumed 5 1 3 C value for land snails should be approximately -8 (Gupta and Polach, 1985). Given
the age of the samples and their error terms, the age correction is insignificant for all samples except
OZC-221. A 8 1 3 C of -8 would decrease the age of this sample by approximately 155 yr (Gupta and
Polach, 1985).
2
N D F B : not distinguishable from background
3 l4
C age of Placostylus from this unit was previously reported by Squires (1963).
4
Marine reservoir correction: - 450 ±35 yrs (Gupta and Polach, 1985)
OZC-222 Hunter Bay, N
V9a-84 section of
Lagoon

0.128

4,420 ±80
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5.6

14

264

C dating results; Placostylus

The A M S 1 4 C dates provide insight into the 1 4 C age of snails in three disjunct protosol
outcrops from Johnsons Beach, Middle Beach and Neds Beach (Table 5.2; Fig. 5.2).
One sample from Johnsons Beach has a conventional 1 4 C age of 39,700 ±2,400 yr B P
(OZC-309) while the second sample from this protosol is older than the A N S T O

14

C

A M S pretreatment background, approximately 42,000 yr B P (OZC-219; A N S T O
background at the time of analysis). At Middle Beach, one sample returned an age of

35,800 ±1,450 yr BP (OZC-311). Of the two samples from Neds Beach, one has an
infinite 1 4 C age (>42,000 yr B P ; OZC-312). Similarly, the Placostylus from a protosol
exposed at Signal Point (Table 5.1), dated by the beta-emissions counting technique, has
a conventional 1 4 C age of 40,750 +1,650 -1350 yr B P (SUA-3101; Fig. 5.2).
The finite 14C ages of samples from Johnsons Beach and Signal Point are not
significantly different, the one sigma errors overlapping. With two sigma uncertainties,
the Signal Point age also overlaps the Middle Beach age (Table 5.1).

Given the low background at the University of Sydney 14C dating laboratory (52,000 yr
BP, produced by natural radioactivity or cosmic-ray events that produce counts in the
beta-ray detectors) the conventional 1 4 C age for the sample analysed at this laboratory,
40,750 yr B P (SUA-3101), is a reliable measure of the 1 4 C content of the sample.
However, given the small amount of 1 4 C measured and the depositional history of the
sample (within a porous protosol unit) it is likely this result represents very minor (likely
< 0.5%) contamination of the sample by younger carbon that could not be removed
during sample pretreatment. Similarly, the A M S samples with 1 4 C ages of approximately
35,800 and 39,700 yr B P (OZC-311, OZC-309) m a y have a true age older than the
background and contain very minor contamination by extrinsic younger carbon that
produces the finite , 4 C age.
Some stratigraphic control on the maximum age of the samples is provided at Neds
Beach where the protosol unit from which snails were dated overlies a beach facies (Fig.
5.2). This beach deposit is approximately of Last Interglacial age (Woodroffe et al,
1995). Therefore, the true age of the snail samples is greater than 42,000 1 4 C years and
probably several to tens of thousand of years less than approximately 125,000 yr, most
likely an age that lies in the period between early oxygen isotope stage 3 and late stage 5.
The finite1 4 C ages of 3 shells (OZC-309, OZC-311, SUA-3101) are at or near the limits
of the 1 4 C methods reflecting very low levels of 1 4 C. This , 4 C m a y be related to the
diagenetic introduction of younger carbon or trace quantities of 1 4 C in laboratory
reagents (discussed above).
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The 1 4 C age for Placostylus from the soil at Johnsons Beach, a post 1950 age (OZC220), and from the foredune at Old Settlement Beach, 490 ±65 yr B P (OZC-221), are in
agreement with the stratigraphic position of the deposits (Fig. 5.2). The soil profile at
Johnsons Beach has developed on a sand sheet that overlies aeolianite and appears a
recent feature, while the foredune at Old Settlement Beach is part of a sand unit which
overlies shell-rich estuarine mud. A Fragum unedo shell from these m u d d y estuarine
beds has a conventional 1 4 C age of 1,320 ±70 yr B P (ANU-9429; marine reservoircorrected age is 870 ±80 yr BP, Woodroffe et al, 1995).
The modern and very late Holocene 14C ages of the two Placostylus are significant as
they suggest these snails have not incorporated significant amounts of older carbon into
their shells (Bradley, 1985; Gupta and Polach, 1985). This occurs with ingestion of
older carbonate by snails (Rubin et al, 1963; Goodfriend and Stipp, 1983; Goodfriend,
1992b). At Lord H o w e Island, any older carbon biogenically incorporated into these
snail shells appears insignificance to the calculated age.
In contrast, Placostylus from the well-developed protosols, which are likely to have
formed over several thousands of years, m a y have 1 4 C ages that span the period of soil
formation. Also, snails living during the end of this phase of soil development would be
affected to some degree by the ingestion of older carbon. Therefore, the 1 4 C age of these
Placostylus will range from shortly after deposition of the dune, as shown by the
samples from Old Settlement Beach and Johnsons Beach, to the end of subaerial
exposure of the soil when it was covered by the overlying dune. Alternatively, the 1 4 C
ages m a y represent a m i n i m u m age for the deposit if shells are contaminated with
younger carbon from percolating groundwater or biogenic processes (algae and bacteria),
as discussed above.
Two Placostylus samples from protosol exposures (OZC-310, OZC-313) failed to return
a result due to low carbon ion outputs. However, these samples were well above the
recommended sample mass (50 m g ) and one (OZC-313) was heavier than the
successfully analysed samples (Table 5.1). Possibly, the low A M S ion outputs reflect
sample preparation problems in the C O 2 evolution or graphitisation procedures.
5.6.1 14C dating results; calcaerous red algae samples
The 1 4 C ages of the two samples of coralline red algae are in correct stratigraphic order.
The upper sample, OZC-222, has a reservoir-corrected age of 3,970 ±85 yr BP. This
age agrees with conventional 1 4 C ages of large coral clasts from the same position in the
core (Kennedy, in prep.). The lower sample, OZC-223, has a reservoir-corrected age of
5,680 ±105 yr BP. This is similar to, though represents an age reversal compared to the
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several conventional radiocarbon ages. These samples were also dated by the A A R
method and the 1 4 C ages provide important calibration for the A A R data (discussed in
detail in Chapter 6).

5.7 14C dating; a summary
The 1 4 C ages provided by this dating program have generated several important insights
into the chronology of the aeolianite on Lord H o w e Island which m a y be summarised as:
1) A Placostylus shell from the Middle Beach protosol at Middle Beach has an AMS 14C
age of 35,800 ±1,450 yr B P (OZC-311). This sample is from the same unit at Middle
Beach that Placostylus shells were collected by Squires (1963) and returned a
conventional I 4 C age of 21,700 ±700 yr BP. The age of the aeolianite unit on which the
palaeosol developed is therefore considerably greater than the age representing the peak
of the last glaciation as proposed by Squires (1963). The very low proportion of 1 4 C
measured in the A M S sample is likely to be from contamination by younger carbon that
could not be removed in sample pretreatments and the true age of the shell is likely to be
considerably older than the A M S 1 4 C age.

2) Slightly older 14C ages were obtained for Placostylus from similar protosol exposu
at Johnsons Beach (39,700 ±2,400 yr B P ) and Signal Point (40,750 +1,650 -1,350 yr
BP). These are also considered m i n i m u m ages for the samples that indicate
contamination by minute proportions of younger carbon. Similar finite 1 4 C results have
been obtained for marine and estuarine molluscs of Last Interglacial age in southern and
southeastern Australia.
3) Placostylus shells collected from protosol outcrops at Johnsons Beach and Neds
Beach returned background

14

C ages (> -42,000 yr B P ) , indicating the shell m a y be

considerably older than 42,000 yr B P . At Johnsons Beach, shells from the same
stratigraphic position returned finite (39,700 yr B P , OZC-309) and background

14

C

ages, pointing to the likely role of contamination by younger carbon in the finite1 4 C age.
The infinite 1 4 C ages indicate the fossil shells are well preserved. T w o Placostylus
collected from soil horizons have very late Holocene and modern

,4

C ages, suggesting

older carbon has not significantly influenced their 1 4 C age.
4) Several Placostylus shells selected for 14C dating were collected from protosol
exposures near the top of the major aeolianite sequences. The near-background or infinite
14

C ages of these samples indicate that much of the aeolianite must be considerably older

than the peak of the Last Glacial. Therefore, these results do not support the widely-held
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view that aeolianite on Lord H o w e Island was emplaced w h e n sea-level was at its
lowest.

5.8 Thermoluminescence dating
The thermoluminescence (TL) method of dating sedimentary deposits m a y be useful to
this study as the aeolianite appears beyond the limit of l 4 C dating and, with only a few
exceptions, lacks carbonate fossils or secondary carbonates suitable for U/Th dating.
However, the aeolianite consists of predominantly skeletal carbonate grains and a minor
volcanic grain component, with quartz, the mineral of interest in the T L dating employed
in this study, a rare component only detected as part of an acid insoluble residue in bulk
samples. T L dating was attempted on several samples as a means of gaining insights into
the luminescence age of these quartz-bearing, acid-insoluble fractions. These
geochronological data m a y reveal the time period since the aeolianite was deposited, in
contrast to the 1 4 C and U/Th data which indicate the age of the biogenic carbonate.
TL dating was undertaken in the Thermoluminescence Dating Laboratory at the
University of Wollongong. Details of the analytical methods employed at the
Wollongong laboratory are provided in Shepherd and Price (1990) and Nanson et al.
(1991). Several relatively detailed reviews of the T L method have recently been
published (e.g. Berger, 1995; Hiitt and Raukas, 1995; Aitken, 1990; G e y h and
Schleicher, 1990) and the following section provides only a brief overview of the
method as applied to the dating of Quaternary sedimentary deposits.
5.8.1 TL dating of sediments; an outline
Upon heating, certain crystalline minerals which have absorbed ionising radiation will
emit light which is additional to the normal incandescent light associated with heating.
This thermally stimulated emission of light is termed thermoluminescence.
Thermoluminescence dating relies on the time-dependent increase in this T L energy in
crystalline minerals, most notably feldspar and quartz grains, following their
incorporation into sediment (Aitken, 1985).
In crystalline minerals, TL energy is created as electrons become trapped at sites of
charge disequilibrium. This occurs after the electrons are detached from parent nuclei and
ionised due to the action of nuclear radiation. This low-level ionising radiation is emitted
by radioactive elements (U, T h and4 0 K ) found in trace quantities in most sediment. The
heating or exposure to sunlight of these naturally irradiated minerals results in vibration
of the lattice and eviction of the trapped electrons. A certain number of electrons in 'deep'
traps will recombine with an ionic impurity in the lattice (luminescence centres) and in so
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doing emit light. The number of photons produced above the normal incandescent glow
is proportional to the number of deeply trapped electrons, in turn proportional to the
amount of nuclear radiation the mineral has experienced. The stability and predictability
of this process of thermoluminescent energy generation permits its application to
Quaternary dating (Aitken, 1985; Geyh and Schleicher, 1990; Hiitt and Raukas, 1995).

In order to calculate the TL age of certain sedimentary deposits, most previously acqui
luminescent energy has to have been removed (bleached) from the crystalline grains with
exposure to sunlight during transportation. The time since the luminescent grains were
last exposed to sunlight can be calculated by measurements of the radiation flux in the
sediment and the amount of light emitted by the grains. This calculation is described by
the expression:
Dae
T=
D

—
a

where T is the TL age, Dac is the amount of irradiation required to produce the natural
thermoluminescence measured in the sample and D a is the irradiation calculated to occur
in the deposit during one year based on radioactivity measurements: the radiation flux of
the deposit m a y be measured in situ with a portable spectrometer or by the analysis of
representative samples in the laboratory. The thermoluminescence intensity of the grains
is measured in the laboratory with a photomultiplier tube and calibrated by irradiating
grains with a source of radiation of k n o w n power (Aitken, 1985; Hiitt and Raukas,
1995).

The moisture content of a deposit influences the radiation dose received by grains, wit
water attenuating the radiation. For this reason, the moisture content of the sample is
measured in the laboratory. However, variations from the measured value m a y have
occurred during the burial history of the sample. This m a y induce error in the annual
radiation dose calculation. For example, with an increase in moisture content of 1 % the
calculated age will also increase by 1 % (Geyh and Schleicher, 1990).

Some residual TL energy may be retained in luminescent grains prior to burial if not all
the previously stored T L energy is bleached by sunlight. Partial bleaching m a y be a
considerable problem in fluvial and colluvial sediment. However, aeolian sediment
samples, such as those analysed in this study, are generally suitable for T L dating as
constituent luminescent grains are usually well-bleached during transportation - any
residual T L energy in these Pleistocene sediments is likely to be relatively very small
(Geyh and Schleicher, 1990; Hutt and Raukas, 1995).
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Crystalline particles with thermoluminescence characteristics most suitable for T L dating
are quartz and feldspars, in sizefractionsranging from fine sand to clay (Berger, 1995).
In the Wollongong T L Laboratory, the 'coarse' grain and 'fine' grain methods are
employed. The coarse grain method utilises quartz grains in the 90 - 125 \im fraction
while thefinegrain method involves analysis of the 1 - 8 p,m quartz-bearing polymineral
fraction. Generally, where there was sufficient coarse grains available, this fraction was
analysed otherwise thefinegrain method was adopted.
5.8.2 TL samples from Lord Howe Island
Initial T L dating of the beach facies at Neds Beach was reported in Woodroffe et al.
(1995). Both thefine-grainand coarse-grain methods were used and the results agreed
with the mean U/Th age of coral clasts from the same unit, indicating a Last Interglacial
age for the beach deposit. Subsequent processing of samples from dune units revealed
they contained very small proportions of suitable quartz grains. Quartz in these
predominantly biogenic carbonate deposits m a y be derived from some of the numerous
dykes that cut through the basalt units (Game, 1970). Sample preparation involved the
digestion of approximately 3 kg of sediment to provide sufficient quartz or polymineral
grains for analysis. Thin-section compositional data show that the proportion of noncarbonate mineral grains in the aeolianite ranges from approximately 1 - 2 0 % , with
several samples < 1 % (Table 4.2). There was a sufficient amount of acid insoluble
residue of three aeolianite T L samples for X R D analysis (Table 5.2). The X R D results
indicate quartz is a minor component of this fraction. D u e to the low quartz yield, one
sample (mbu, ~3 kg) failed to provide sufficient grains for analysis. Several samples
contained enough fine grains for only a limited number of aliquots to be measured, less
than the 28 aliquots per sample routinely analysed in the Wollongong Laboratory
(Nansone/a/., 1991).

Table 5.2: X R D data of the acid insoluble residue of three aeolianite T L samples
sample
no

Clinochlore

Albite

Augite

Quartz

W1728

X

XX

X

XX

XX

W1765

X

X

XX

X

XX

W2169*

7.6%

Kaolinite

1.9%

Olivine

13.8%

Diopsite

Hornblende

x
70.7%

x: minor components
xx: c o m m o n or major components
•Quantitative assessment of mineral components by the Siroquant Program (CSIRO, 1995)

6.0%
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Several palaeosols and dune units were dated using the fine-grain method. These
samples contained larger proportions of fine ( 1 - 8 p,m) quartz-bearing, polymineral
particles. This mineralfractionappears to be derived from the accumulation of residual
lithic grains following considerable pedogenesis. Possibly, as the palaeosols represent
long-exposed soils, some of thisfractionis continental dust derived from aerosol.

A continental component in the palaeosols is possible given the Middle to Late
Quaternary and modern continental aeolian dust records for this region. Middle to Late
Quaternary continental aeolian dust has been measured in deep-sea cores from the Lord
H o w e Rise and the Tasman Basin to the south and east of Lord H o w e Island (Hesse,
1994), from Fraser Island northeast of Lord H o w e Island (Longmore and McTainsh,
1996) and modern continental dust from central southern Queensland has been traced
across the Tasman to N e w Zealand (McTainsh, 1989; Knight et al, 1995). Likewise,
palaeosols on Bermuda, with a similar mid-ocean setting, contain significant continental
aeolian dust fractions (Herwitz and M u h s , 1995).

Moisture content variations are also likely to have been experienced in these deposit
Changes are likely to have been both long-term, related to past changes in sea level, and
more recent variations in water tables associated with shoreline erosion of the fossil
dunes. A s discussed above, changes in the moisture content over time m a y have induced
some error in the calculated age. The measured mositure contents for the Lord H o w e
Island samples ranged from 0.4 - 2 1 . 2 % for samples from dune units, 7.4% for a
protosol and 28.6 - 4 7 . 4 % for clay-rich palaeosols (field descriptions of all samples are
provided in Table 5.3 and analytical data in Table 5.4).
5.8.3 Sampling strategy adopted for TL samples
Samples were chosen from sites with a clearly exposed succession of units to permit a
stratigraphic test for the T L results (Neds Beach and Middle Beach), to enable a
comparison with A A R and U/Th dating results for the same units and to provide a
reasonable coverage of the main aeolianite outcrops. Details of the sample locations and
lithological descriptions are provided in Table 5.3.

The collection of samples occurred in two phases. Bulk samples (up to 18 kg each) wer
collected for T L dating from a beach and a dune unit at Neds Beach, and from dune units
at Middle Beach and Signal Point (initial results for the beach unit at Neds Beach were
reported in Woodroffe et al, 1995). Palaeosol and additional dune units were
subsequently sampled (Table 5.3) using an auger and drill. Friable aeolianite units were
sampled by augering approximately 1 m into freshly exposed cliffs. Samples were placed
in opaque plastic bags immediately the auger was removed from the hole without
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exposure to sunlight. Short cores were drilled from well-lithified units using a hand-held
petrol-powered drill, the samples taken from the end of the 600 m m long, 55 m m
diameter cores. D u e to their greater density and high clay content, palaeosols were less
readily augered and samples were taken from approximately 0.3 m in from the face of
cliffed exposures.

5.8.4 TL dating results; Neds Beach
At Neds Beach, a succession of four units were sampled for T L dating. The succession
was mapped between measured sections 3 and 5 (stratigraphic details in sections 3.6.2,
3.6.3) and the stratigraphy of these sections is outlined below (Fig. 5.3). The T L ages of
these samples agree with the stratigraphy of the outcrop, with ages of 274 ±155 ka
(W2071) for the lower palaeosol unit, 222 ±28 ka (W2166) for the dune unit which
conformably overlies this palaeosol, 116 ±18 ka (coarse-grain analysis) and 138 ±21 ka
(fine-grain analysis; W 1 6 9 3 ) for the beach facies which onlaps this dune unit and 86.1
±33.3 ka ( W 1 7 2 8 ) for the dune unit which conformably overlies the beach facies
(analytical data in Table 5.4).

Laboratory data for these analyses show a significant increase in the K content and U
T h radioactivity for the palaeosol (W1728) compared to the aeolianite samples (Table
5.5; Fig. 5.4). This is consistent with an increase in fine grain lithic minerals through
pedogenic enrichment or aeolian input (discussed above). Although two of the results
have relatively large errors, there are no age reversals in the succession and, as reported
in Woodroffe et al. (1995), the beach facies has a T L age consistent with the initial U/Th
ages of coral clasts from this unit, 113 - 168 ka. These data further support the
interpretation that the deposit was emplaced during the sea-level highstand of oxygen
isotope substage 5e. Significantly, the T L age of the dune unit onlapped by the beach
facies, 222 ±28 ka (W2166), and the T L age of the palaeosol this dune unit conformably
overlies at site 5, 274 ±155 ka (W2071), provide evidence of a Middle Pleistocene age
for the aeolianite succession that is exposed in the raised platforms and in lower 8 m of
cliff between Neds Beach and Searles Point.
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Table 5.3: Lord Howe Island TL sample locations and descriptions
sample no./
lab. no.

sample description

collection location

nep2
W2071

Neds Beach
Neds Beach, palaeosol, in cove on S side of the
point, S E end of beach (p2, Fig. 5.3a).

Friable, clay-rich palaeosol, fine-grain
polymineral fraction analysed.

nel
W2166

Neds Beach, base of aeolianite cliff, S E end of
beach (bed set 3a, Fig. 5.3a).

Heavily-cemented, cross-bedded
aeolianite.

nbb
W1693f

Neds Beach, base of aeolianite cliff, S E end of
beach (bed set 3b. Fig. 5.3a). Collected by E.A.
Bryant.

Friable, gravelly to medium grain,
laminated, foreshore beds.

nbb
W1693c

as above

as above

nbd
W1728

Neds Beach, S E end of beach, 6 m above M S L
(bed set 3c, Fig. 5.3a). Collected by E.A.
Bryant.
Middle Beach

Friable to moderately-cemented, crossbedded aeolianite (overlies beach
facies).

mbpl Middle Beach, N end of cliffs +2 m MSL (site 2,
W2114
pi, Fig. 5.3b).

Brown, clay-rich palaeosol. Contains
basalt pebbles, some bird bones.

mbp2
W2118

Middle Beach, north end of cliffs base of cliff
behind shore platform, +3 m M S L (site 4, pi,
Fig 5.3b).

Friable, reddish-brown, clay-rich
palaeosol, non fossiliferous

mbb
W1894

Middle Beach, north end of cliffs, + 3 m M S L ,
in small cove (site 4, bed set 4b, Fig. 5.3b).
Collected by E.A. Bryant.

Moderately-cemented, cross-bedded
aeolianite. N o thermoluminescent fine
grain particles but sufficient coarse
grains recovered.

mbl
W1765

Middle Beach, S end of cliffs behind pocket
beach. Swale unit + 2 m M S L (site 16, bed set
16a, Fig. 5.3b). Collected by E.A. Bryant.

Friable, mostly massive bed (some
faint horizontal bedding discernible in
sections), distinct pedogenic horizon, 1
m above sample, in top of unit with
bird bones and Placostylus.

mbu

Middle Beach, south end of cliffs, -1.5 m above Friable to moderately-cemented, crossW 1 7 6 5 , +3.5 m M S L (site 16, bed set 16b, Fig. bedded, white aeolianite.
Insufficient quartz grains of suitable
5.3b). Collected by E.A. Bryant.
size: nofinegrains and only trace
amounts of larger (>125 p.m) grains
present.

W1517

Middle Beach R d Quarry, S side of quarry
cutting, 1.5 m above ground, +18 m M S L .

Friable to weakly-cemented, dune
foreset bedding.

W2116

T h e Big Slope, N end of The Big Slope, base
of shoreline cliff, ~ + 2 m M S L (bed set a, Fig.
5.3c).

Friable, cross-bedded aeolianite, algal
crust on exterior of exposure,
significant clay content in aeolianite.

W2169

Signal Point, base of shoreline cliff, -1.5 m
M S L , 8 0 m S of jetty (bed set spl, Fig. 5.3c).
Collected by E.A. Bryant.

Friable to moderately-cemented, crossbedded aeolianite.

W2117

North Bay, 3 m above base of cave 31, ~ + 3 0 m

Friable, cross-bedded aeolianite,
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5.8.5 T L dating results; Middle Beach
Dune and palaeosol samples were collected from three sites at Middle Beach. Samples
from two dune units exposed at the southern end of Middle Beach at site 16 were
collected for analysis. The lower unit consists of low to moderately dipping beds capped
by a prominent protosol called the Middle Beach protosol (Fig. 5.3b). Both fine and
coarse grain fractions were analysed in this sample. The T L age of the fine-grain fraction
of this unit is 83 ± 1 4 ka (W1765) in contrast with the coarse-grain age, 273 ±73 ka. The
coarse grain T L age appears inconsistent with both the immature diagenetic state of the
unit and the stratigraphy of the succession (section 3.2.8). The thick dune unit overlying
this deposit was also sampled (mbu, Table 5.3). T h e inital analysis of this sample
indicated insufficient quartz grains suitable for T L measurements. The white colour of
the outcrop also reflects this dearth of lithic grains (section 4.8).
Samples were also collected from the northern end of the Middle Beach cliffs, at site
(Fig. 5.3b). A clay-rich palaeosol and overlying thick dune unit exposed in the base of
the cliff were sampled. The palaeosol sample has a T L age of 201 ±23 ka (W2118) while
the aeolianite above has a T L age of 94.3 ±51.6 ka (W1894). Although the aeolianite
sample has relatively large one standard deviation uncertainties, the results are in
stratigraphic agreement and the age of the aeolianite is similar to the T L age of the dune
unit at the southern end of the cliffs, 83.4 ±13.7 ka (W1765, Fig. 5.3b).
An additional palaeosol unit was analysed at the base of the cliffs at site 2, north
4. Although situated at a similar elevation to the palaeosol at site 4 (Table 5.3), mapping
revealed this palaeosol to be stratigraphically below the palaeosol dated at site 4 (Fig.
3.34). However, the T L age for this unit, 106 ±16 ka (W2114), does not agree with the
lithostratigraphic mapping as the palaeosol at site 4 has an age of 201 ±23 ka. The
presence of basalt pebbles in sections of the palaeosol (Table 5.3) suggests some alluvial
or colluvial input and therefore a complex depositional history which appears to have
affected this T L age assessment. Since this sample has an anomalously high K
concentration (Fig. 5.4) there is a possibilty that radioactive sediment m a y have been
introduced into the sample some time after burial of the palaeosol. The integral of the
radiation dose experienced by the sample therefore m a y be significantly lower than the
measured value, suggesting an underestimation of the units T L age. Geyh and Schleiser
(1990) have noted the problems inherent in T L dating such heterogeneous units.

5.8.6 TL results; the quarry on Middle Beach Road
A disused quarry on Middle Beach Road has good exposures of dune foreset crossbedding which overlie a well-developed protosol (Table 5.3). The dune unit appears to
extend E to the Middle Beach cliffs (section 3.7.4) and therefore should have a similar
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Figure 5.3: Stratigraphic positions and TL ages of samples from a range of sites. The TL
ages (ka) and age uncertainties are shown beside the arrows.
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The Middle Beach palaeosol, sample W 2 1 1 4 , has an anomolously high K content and contains basalt
pebbles. Sample W 2 1 1 5 is a terra-rossa palaeosol at site 2 (Table 5.4) for which luminescence analysis
was not undertaken.

Figure 5.4: U-series activity plotted against 40K content of aeolianite and palaeosol
samples. Clearly, palaeosol samples exhibit both higher 40K concentrations and U and
Th activity.
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Figure 5.5: TL ages of aeolianite and palaeosol samples from major outcrops on Lord
Howe Island. Error bars show the one standard deviation age uncertainties.
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age to the thick dune units dated at Middle Beach (W1765, W 1 8 9 4 ) . A sample for T L
dating was augered from the quarry outcrop and returned an age of 90.7 ±21 ka (W1517;
Table 5.4).

Due to the very low yield of quartz particles in the sample recovered from the quarry
which lacked a fine-grain fraction, the T L age is based on a lower than standard number
of aliquots (12 compared to the normal 28) indicating the age is less reliable than
standard samples. Apart from a relatively low moisture content, the analytical data for
this sample is similar to the other aeolianite measurements (W1517, Table 5.4). Within
the uncertainties of the ages, the T L age of this sample agrees with the results of the other
Middle Beach aeolianite samples (Fig. 5.5).
5.8.7 TL dating results; Signal Point, The Big Slope and North Bay
Samples from one dune unit at Signal Point, The Big Slope and North Bay were dated
by the T L method. A s only one unit was analysed at each location, the T L ages cannot be
tested stratigraphically but they can be compared with T L ages obtained for the relevant
lithostratigaphic units from other sites. The dune unit sampled at Signal Point, on the
western lagoonal shoreline, is quite friable and in large-scale outcrop is very similar to
the thick aeolianite units at Neds Beach and Middle Beach, all mapped as part of the
Neds Beach Formation. The T L age for the middle dune unit exposed in cliffs at Signal
Point (sp2, Fig. 5.3) is 151 ±18 ka (W2169). Analytical results are similar to other
aeolianite units (Table 5.4). This T L age is considerably older than the T L ages of
outcrops of the Neds Beach Formation at Neds Beach and Middle Beach and requires
testing against other geochronological measurements. A A R analyses of the Signal Point
outcrops and numerous other units are reported in Chapter 6.

The Big Slope sample was collected from the base of a thick (-10 m) friable dune unit
exposed in a shoreline cliff (Table 5.3). This outcrop was mapped as part of the Neds
Beach Formation. Only a small amount of quartz particles were recovered for coarsegrain T L analysis (12 aliquots, normally 28). These measurements returned a T L age of
286 ±49 ka (W2116). A s with a sample from a dune unit of the Neds Beach Formation
at Middle Beach, sample (W1765), the coarse-grain particles appear to have provided an
age older than that suggested by the diagenetic immaturity of the unit, evident both in
large-scale outcrops (section 3.9) and thin sections (section 4.5.5). Possibly, the coarse
grain fractions have been incompletely bleached prior to their incorporation in the dune
deposits.
At North Bay, the TL sample was collected from within a cave in the aeolianite ridge
above the bay (Table 5.3) from aeolianite mapped as part of the Searles Point Formation.
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The T L age of this sample is 91 ±10.9 ka (W2117) in contrast to the Middle Pleistocene
T L ages of units of the Searles Point Formation at Neds Beach and Middle Beach (Table
5.4). Although this unit was quite friable and contained a considerable clay content,
similar to the sample from The Big Slope, thin-sections show the biogenic carbonate
grains in the North B a y sample exhibit significant micritisation and there is some
recrystallisation of the micrite (section 4.5.6), suggesting a considerable textural maturity
which m a y be inconsistent with the T L age. The presence of large-scale karst features in
these exposures (caves, large speleothems) also indicate a considerable diagenetic
maturity. Analytical results for this dune unit show a relatively high 4 0 K content and U
and T h activity compared to other aeolianite samples (Table 5.4). The relatively high
annual radiation dose rate is likely related to the secondary clays in the deposit,
suggesting a lower radiation dose rate prior to the illuviation of this material. Thus, the
T L age for this sample is considered a m i n i m u m age and requires checking with
additional geochronological measurements. U/Th and A A R results, reported below and
in Chapter 6 respectively, provide age estimates of the North Bay outcrops which test the
validity of the T L age.

5.9 Assessment and summary of the TL dating results
The T L ages obtained for the successions at Neds Beach and Middle Beach (Fig. 5.5)
provide strong evidence for aeolianite on Lord H o w e Island predating the Last Glacial
M a x i m u m (oxygen isotope stage 2), the previously inferred age of the aeolianite
(Standard, 1963; Sutherland and Ritchie, 1977; McDougall et al, 1981). The T L ages of
units at the other sites likewise support an age considerably greater than Last Glacial for
m u c h of the aeolianite (Fig. 5.5). However, one sample only was analysed from each
unit and the T L dates reported here must be regarded as the findings of a pilot study.
Indeed, it is a considerable achievement to have recovered datable fractions from these
biogenic carbonate dune units in which low to trace quantities of lithic grains have
predominantly originated from tholeiitic and alkaline basalts and dykes.

Some difficulties were encountered in recovering a sufficient quantity of suitable gra
from several samples and two samples (W1517, W 2 1 1 6 ) were analysed with a limited
number of aliquots. Also, it is likely diagenetic and moisture content changes have
produced a relatively complex environmental radiation history in at least some of the
units sampled. Notwithstanding these problematic sedimentological characteristics of the
aeolianite, a cautious appraisal of the results indicates several major geochronological
insights are provided by the T L ages.
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1) The T L age of the beach unit at Neds Beach, mapped as part of the Neds Beach
Formation, agrees with the initial U/Th results, indicating a Last Interglacial age (oxygen
isotope substage 5e). The Neds Beach T L data also indicates a Middle Pleistocene age
for the lower part of the aeolianite succession between Neds Beach and Searles Point,
mapped as part of the Searles Point Formation.

2) The TL ages of the thick, moderately-cemented to friable dune units of the Neds
Beach Formation, which form the bulk of the aeolianite at Neds Beach, Middle Beach
and Middle Beach Road Quarry, suggest the emplacement of these dunes during oxygen
isotope stage 5. However, although all dates fall within oxygen isotope stage 5, the age
uncertainties extend between oxygen isotope stages 3-6. The T L age for a similar dune
unit at Signal Point, 151 ±18 ka, appears significantly older, although within the age
uncertainties it extends to oxygen isotope substage 5e. All except one result from Middle
Beach overlap with this age within uncertainties of two standard deviations
3) The thick dune units at Middle Beach, part of the Neds Beach Formation, overlie a
terra rossa palaeosol with a T L age of 201 ±19 ka, part of the lower succession of
aeolianite mapped as the Searles Point Formation. However, a brown clay-rich palaeosol
which contains alluvial sediment returned a T L age in conflict with the stratigraphy,
suggesting T L dating is less appropriate to such heterogenous palaeosols. The T L ages
of a terra rossa palaeosol and well-cemented aeolianite at Neds Beach support a similar
chronostratigraphy.

4) The TL ages of samples from aeolianite outcrops at The Big Slope and North Bay als
point to an age greater than Last Glacial M a x i m u m (oxygen isotope stage 2). However,
these T L ages contrast with the diagenetic maturity (degree of cementation and grain
alteration) of these outcrops.

The 14C and TL ages will be tested further by the results of U/Th dating of corals and
speleothems, which are presented in the following section.
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5.10 U / T h dating of shallow-marine and terrestrial sediments
The uranium-series dating method is a radiometric technique in which the age of a sample
is calculated from the amount of ingrowth, decay or excess of various isotopes of the
uranium decay series. In this study, the alpha spectroscopy 2 3 0 T h / 2 3 4 U method, which
measures the ingrowth of 2 3 0 Th, a daughter isotope of 2 3 4 U , is employed to date coral
and speleothem samples collected on Lord H o w e Island. The 2 3 0 Th/ 2 3 4 U dating method
is effective between approximately 1 ka - 350 ka (Ivanovich et al, 1992; Blackwell and
Schwarcz, 1995), and is therefore of great importance to sites such as Lord H o w e Island
where aeolianite that has been deposited during the Middle and Late Pleistocene contains
sediments potentially suitable for U/Th dating. The U/Th ages presented in this section
extend and refine the chronology of the aeolianite and provide checks on the reliability of
the T L and 1 4 C ages.
Before presenting and critically examining the results of the present dating program,
physical principles of the radioactive decay of U and T h isotopes and the alpha
spectrometry technique of radioisotope measurement used in this study are briefly
discussed. Also germane to the present study is the natural geochemical and sedimentary
pathways by which U becomes incorporated into terrestrial and marine sediments. Several
past studies and reviews of these pathways are examined. Methods that are adopted to
correct data for detrital radioisotope input, crucial for accurately defining the age of
contaminated samples, are described.
The laboratory components of this dating program were undertaken in the Environmental
Radiochemistry Laboratories at A N S T O , while the author was a recipient of an Australian
Institute of Nuclear Science and Engineering Postgraduate Research Award.
5.10.1 Radioactive decay and its measurement by alpha spectrometry
Isotopes of several elements have nuclei which m a y spontaneously undergo radioactive
decay at any instant in time forming n e w nuclear configurations. These isotopes are
therefore referred to as radionuclides and their decay rate is proportional to the number of
radioactive nuclei of a particular type present at any time. The probability of this decay
occurring during an interval of time ( 0 is called the decay constant ( A ) which is defined
as the time required for a proportion of a given number of nuclei to decay. Thus the halflife of a nuclide (';) is the time required for half of a given number of nuclides to decay
(Ivanovich, 1992).

Radioactive decay of the radionuclides involves the emission of either relatively heavy
alpha particles or relatively light beta particles. Both emissions involve the release of a
large amount of energy often accompanied by g a m m a rays. W h e n alpha particles,
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composed of two protons and two neutrons, are emitted a nucleus is transmuted into an
element with an atomic number 2 less than that of the original nucleus. A s a beta particle
is released, with a negative charge of 1 unit, the nucleus effectively gains one positive
charge and becomes an element with an atomic number one higher than the original.
Alternatively, a beta particle m a y be a positron whose emission has the opposite effect on
the nucleus, producing an element with an atomic number one less than before the decay
(Ivanovich, 1992).
The decay chains and m o d e of decay of thorium and uranium ( 238 U) are presented below
(Fig. 5.6). These heavy elements are often present in geological environments and decay
through a series of radioactive daughter products to stable isotopes of lead.
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Figure 5.6: Parts of the thorium (i) and uranium (ii) natural radioactive decay series
relevant to the U/Th dating method.
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Alpha particles emitted during radioactive decay are characterised by discrete energy
levels, measured in mega-electron-volts ( M e V ) , providing a decay signature for each
radionuclide (Ivanovich and Murray, 1992). The alpha spectra of the radionuclides of U
and T h show well defined peaks between 3.8 - 5.5 M e V (Fig. 5.7). For suitably prepared
samples (described in Appendix 3, section A3.1), an alpha spectrometer can measure the
activity of any U and T h isotopes by counting the alpha emissions which occur at energy
levels indicative of the presence of particular isotopes (Fig. 5.7). These activity values are
then used to calculate the proportion of each isotope contained in the sample (Ivanovich
and Murray, 1992).

The age (t) of a U-containing sample with no

230

Th at the time of formation can be

determined from the specific alpha activity of 2 3 0 Th, 2 3 4 U and 2 3 8 U , using the following
equation:

r«] - '-23o--*23411 230nr])[l-e rr^\\l-e J
230 _f

;

5 234 t2 5

where A = 0.639/ t^
238

and

Eqn5J

t

(/

i
2

Th

=7.52x10

y,

U

=2.48x10 y,

9

= 4 . 4 6 8 x 1 0 y.

This equation describes the ingrowth and decay of isotopes in a pure sample. A graphic
solution to this equation (Fig. 5.8) shows clearly h o w the resolution of the age defined by
the 2 3 0 T h / 2 3 4 U ratio varies with the initial2 3 4 U / 2 3 8 U ratio: samples less than 30 ka are
virtually the product of only the 2 3 0 T h / 2 3 4 U ratio. Beyond 30 ka the isochron lines
become logarithmic curves, with the upper age limit and resolution of the method
proportional to the initial2 3 4 U / 2 3 8 U ratio (Ivanovich et al, 1992). This dating method is
referred to as the UATh dating method.

5.10.2 U and Th in terrestrial and marine sediments
A knowledge of the nature of sediments containing U and T h and the sedimentary
processes that lead to their accumulation permits an accurate assessment of sample
suitability for U-series dating. Likewise, this knowledge is important for the critical
assessment of the isotopic data of samples that have been analysed. The following section
summarises recent reviews of the geochemistry of U in the terrestrial and marine
environments and describes the types of sediment that have been successfully dated by Useries methods. In subsequent sections, sample selection criteria for coral and
speleothems, the focus of this study, are examined in detail and methods of correcting for
the presence of detrital isotopes in these types of carbonates are considered.
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Figure 5.7: Well-resolved U (a) and Th (b) alpha spectra for samples
from Lord Howe Island (U: sample 6653, Th: sample 4783). The2MU and
230
Th peaks represent approximately 1000 alpha emissions.

Figure 5.8: A graphical representation of the relationship between 234U/238U and ^OTh/2347]
over time due to the decay of234U in samples experiencing closed-system conditions. The
isochrons indicate that for samples less than approximately 30 ka, the ^Th/234!] age is little
effected by the initial 234U/238U ratio. However, for older samples, the resolution and practical
limit of the method, as shown by the slope of the decay curves and the isochrons, is proportional
to the initial 234U/238U ratio (after Ivanovich et al, 1992).
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U and Th in terrestrial environments
Uranium and thorium are heavy radioactive elements that are preferentially incorporated
into late crystallising m a g m a s and residual solutions, being found mainly in granites and
pegmatites. Their large ionic radii preclude them from the early crystallising silicates such
as olivine and pyroxene, which explains their very low concentrations in the more mafic
rocks. For example, the concentration in granites ranges from 2.2 - 6 U parts per million
(ppm) and 8 - 33 p p m for Th, while in basalts U ranges from 0.1-1 p p m and T h from
0.2 - 5 ppm. In ultramafic rocks, the U concentration is <0.015 p p m and T h <0.05 ppm.
Th and U are concentrated with a Th/U ratio of 3.5 - 6.3 in granites and 1 - 5 in basalts
(Gascoyne, 1992a).
In their original geological setting most of the U and Th decay series are in secular
equilibrium, a situation where for each decaying parent atom one of each of the
intermediate daughter atoms also decays. This is due to the relatively short half lives of
the daughter products of the long-lived parent, 2 3 8 U , which has a half life of 4.468 x 10 9
years (Fig. 5.6). In contrast, even the longer lived daughter isotopes have half lives
several orders of magnitude shorter: 2 3 4 U t\ = 2.480 x IO 5 years, and 2 3 0 T h **' = 7.521 x
IO 4 years. However, as the chemical and physical properties of the radionuclides in a
decay series are different, natural geochemical processes m a y separate parent and
daughter products and result in disequilibrium between the number of decaying parent and
daughter atoms in a sample (Ivanovich, 1992).

Actinides, such as U and Th, are strong electropositive elements and form strong ionic
bonds. Most actinides form colourless solutions and hydrolyse to different extents
determined by the p H and charge-ionic radius ratio. Thorium is especially prone to
hydrolysis, the Th4-1- ion hydrolysing above p H 3 into a number of different hydroxides.
The U 6 + ion does not exist in solution as a hydrated ion but as a metal-bound ion.
Importantly, the stable 6 + oxidation state forms soluble uranyl complex ions (U0 2 + ) with
carbonate, phosphate, sulphate, fluoride and silicate ions which are readily mobilised
during weathering. In reducing environments, U has a 4 + valency and is virtually
insoluble.(Osmond and Ivanovich, 1992; Gascoyne, 1992a).

Uranium and thorium are mobilised in terrestrial environments via different pathways d
to their different chemical properties. Thorium is predominantly transported in insoluble
resistate minerals or it adsorbs to the surface of clay minerals and is transported as a
suspension load. Uranium however moves predominantly in solution as a complex ion,
although it m a y also form detrital or sorbed phases. In groundwater U concentrations are
quite varied, ranging from 0.1-50 ppm, depending on lithology and contact time, while
surface water U concentration, 0.01 - 5 p p m , is also influenced by the amount of
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evaporation and availability of complexing ions. Uranium that has been oxidised and
mobilised in ground waters either moves downwards into reducing environments where it
is reprecipitated and eventually recycled by uplift and denudation, or it is transported to
the sea. D u e to its solubility, U has a constant average concentration of about 3.3 p p m in
oceanic waters. In contrast, the concentration of T h in terrestrial and sea water is usually
several orders of magnitude below that of U (Gascoyne, 1992a).

U and Th in marine environments
Most groundwater, surface water and oceans show a marked disequilibrium in their
isotopes of2 3 8 U and its daughter 2 3 4 U , creating 2 3 4 U / 2 3 8 U activity ratios greater than
unity. Typical activity ratios range from around 1 - 5 in ground water, 1 - 2 in surface
waters and approximately 1.14 in ocean water (Osmond and Ivanovich, 1992; O s m o n d
and Cowart, 1992).
The major process responsible for this disequilibrium is alpha recoil. This occurs in
phases w h e n alpha particles are emitted during radioactive decay. W h e n an alpha particle
is emitted, the daughter product recoils with an energy level inversely proportional to the
ratio of their masses to that of the of the alpha particles and breaks bonds. Minerals
generally have a higher concentration of U than pore water resulting in the displaced
daughter isotopes being more readily leached. A s a result, disequilibrium occurs whereby
the outer layer of rock is relatively enriched in the parent isotope and ground water
becomes relatively enriched in the daughter isotope. Alpha recoil also leads to daughter
products becoming more vulnerable to leaching as daughter atoms m a y lodge in an
inhospitable lattice site and possess an unstable electron configuration, becoming readily
leached (Osmond and Ivanovich, 1992).
Preferential mobilisation of

234

U during chemical weathering produces a

234

U/238U ratio

in rivers above unity, and subsequently leads to a ratio above unity in the oceans. Several
studies have recorded this disequilibrium in most of the oceans. A more recent study has
precisely measured the2 3 4 U / 2 3 8 U ratio as 1.1444 ±0.002 for the Atlantic and Pacific
Oceans, with a calculated residence time of 45,000 years (Chen et al, 1986).

Mass balance calculations for U in the oceans indicate several of these residence time
required for U input to equal output. The output of U from ocean waters occurs in a
number of processes. Firstly, U is incorporated into marine sediments by uptake in
organic matter, which is subsequently deposited on the sea floor. Uranium also diffuses
into bottom sediments where reducing conditions develop, removing U from solution. A
major output pathway is by incorporation into biogenically formed carbonates and
silicates. In deeper water settings, U is bound in iron-magnesium nodules which cover
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vast areas of ocean floor, while at plate margins, U is incorporated into hydrothermal
deposits. Significantly, U is also taken up by the weathering of marine basalts. In support
of this mass balance model, U/Ca ratio measurements in fossil corals imply the U content
of the oceans has not changed since the Pliocene (Cochran, 1992).

In contrast with the oceanic conditions, the U concentration in estuarine and coastal
environments can be variable due to the influence of river and ground water discharge.
Studies of several estuaries reveal U concentrations mostly similar or slightly below the
open ocean value, the exception being the A m a z o n estuary where U is released from
reducing iron-rich sediment (Cochran, 1992).
In marked contrast to U mobilisation, detrital Th entering the oceans is rapidly
incorporated into shelf and shoreline sediments. Isotopes of T h are also formed in situ in
oceans from the decay of U and Ra. This T h rapidly hydrolyses and adheres to particles
which eventually sink to the ocean floor. However, below a depth of approximately 200
m , 2 3 0 T h concentrations rise as an adsorption equilibrium is approached (Cochran,
1992).
5.10.3 Uranium-series dating of marine sediments
Different types of marine sediments have highly varied U and T h concentrations. Corals,
which biogenically incorporate U into their aragonitic exoskeleton in equilibrium with
seawater, have a U concentration of 2 - 4 ppm, and molluscs <0.5 ppm, while both have
very low T h concentrations in the order of parts per billion (ppb). Clastic marine
sediments, such as oceanic sands and clays, have a U concentration of 0.7 - 4 p p m and a
Th concentration of 1 - 30 ppm, reflecting the enrichment of T h by the incorporation of
resistate and clay mineral detritus. Also, marine manganese nodules are highly enriched in
Th (10 - 130 ppm, Gascoyne, 1992a).
Several types of marine sediments have proved suitable for
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dating including coral, phosphorites (Burnett & Veeh, 1992), hydrothermal sulphide
deposits (Huh & Kadko, 1992), foraminiferal tests, ooids, and oolites (from pelagic
sediments, Geyh & Schleicher, 1990). Mollusc shells have a very low level of authigenic
U but rapidly uptake U from ocean and ground water after the animal dies (Burnett and
Veeh, 1992). Therefore, mollusc shells m a y provide reliable data for U/Th dating only
when the sedimentary unit they are part of has remained a closed system since uptake of
the U. A cautious and careful investigation of the sedimentary history of fossil molluscs is
required to correctly interpret their T h and U isotopic data - the calculated age records the
time since closing of the geochemical system, which m a y not occur until after cementation
of the unit (Hillaire-Marcel et al, 1996).
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The general criteria for selecting marine carbonate samples for dating has been detailed by
Brunett and Veeh (1992) and m a y be summarised as:
1) There should be an absence of recrystallisation or deposition of void filling cement.
Recrystallisation indicates mobilisation of U and secondary cementation usually involves
the introduction of secondary U and Th.
2) T h e U content of the carbonate samples should be within the range measured in
modern equivalents. For example, as discussed above, coral has a set U concentration
defined by the oceanic value
3) Samples should befreeof2 3 2 T h as this indicates the inevitable introduction of detrital
U and 2 3 0 T h by groundwater. Corrections for detrital input m a y be applied to age
calculations for these samples, as described below.
4) The activity ratios of2 3 4 U / 2 3 8 U , 2 3 iPa/ 2 3 5 U and 230 Th /234u in a sample should be
internally consistent, with any variations in the ratios in agreement with U decay-series
systematics.
5) The calculated age of the sample should be in agreement with the stratigraphic setting
of the unit, and consistent with other samples from the same unit.
Coral is one of the most commonly dated marine carbonates and the relatively detailed
chronologies of the aeolianite islands of Bermuda (Harmon et al, 1978, 1981, 1983;
Ludwig et al, 1996) and the Bahamas (Carew and Mylroie, 1987, 1995; Chen et al,
1991) are built on a framework of reliable U/Th ages of coral samples. Several coral
samples were dated in this study to provide similar reliable chronological markers for the
aeolianite succession on Lord H o w e Island (discussed below).

Numerous past studies have found that the vast majority of coral samples that fulfil th
suitability criteria can be dated with considerable precision (examined in detail in Burnett
and Veeh, 1992). Excellent agreement has been found with younger fossil coral dated by
both U-series and radiocarbon methods (Bard et al, 1990). However, for samples
younger than 9 ka, the radiocarbon ages are systematically younger than the 2 3 0 Th/ 2 3 4 U
ages, most probably indicating secular variations in 1 4 C production (Bard, et al, 1990).
In older samples, particularly those older than 150 ka, Burnett and Veeh (1992) found
234jj/238u ratios often indicate the input of secondary 2 3 4 U and2 3 0 Th. Also, a small net
gain of the U isotopes has been detected in several unrecrystallised samples from
Barbados (Ku et al, 1990). This uptake induces a small error in the precision of the Useries age, the error increasing with the age of the coral (Burnett and Veeh, 1992).
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5.10.4 Testing coral samples for closed system conditions
A s discussed above, the residence time and mass balance of U in the oceans produces a
constant oceanic 2 3 4 U / 2 3 8 U activity ratio of approximately 1.144. Therefore, this fixed
initial ratio m a y be used to check coral samples for closed system conditions.

The following equation describes the decrease in excess

N" INo" Je

234

U with time:

qn5 3

-

where 0 indicates the initial ratio. By rearranging this equation the initial ratio can
calculated:

+1

E q n 5.4

e" 234 '

The U isotope activities of suitable fossil samples can be used in this equation to calculate
their initial excess 2 3 4 U . If this ratio falls outside the error of the oceanic activity ratio then
the sample must have experienced open system conditions. This method of testing coral
samples for closed system conditions has been adopted in several past studies (e.g. Szabo
etal, 1994; M u h s and Szabo, 1994; Ludwig etal, 1996). Local coastal variations in this
ratio m a y be experienced (Cochran, 1992) and this local value m a y be useful for checking
fossil samples from the same region for closed system conditions, as undertaken in this
study.
Open system conditions occur when U and or Th become mobile in groundwater and
m o v e out of or into sediment, such as coral within elevated beach or reef deposits.
Authigenic isotope mobility m a y have occurred even in clean, unrecrystallised coral
samples and U/Th ages of these samples will be incorrect. This post-depositional uptake
m a y also occur in bones, teeth, marine phosphorites and marine mollusc shells, all of
which readily take up U. The leaching of U will likewise render samples unsuitable for
dating. Leaching m a y be indicated by trends in the isotope activity ratios. Anomalously
high 2 3 0 T h / 2 3 4 U activity ratios, anomalously low 234jj/238u activity ratios and low U
concentrations indicate movement of U out of a sample. Where several coeval samples are
analysed, an open system history will be indicated by samples with significantly lower
234TJ/238U

activity ratios and U concentrations (Geyh and Schleicher, 1990). These

isotope criteria were used to evaluate both coral and speleothem samples analysed in this
study.
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5.10.5 U-series dating of terrestrial sediments containing authigenic U
Terrestrial sediments have a great variability in their concentration of U and T h depending
on local environmental conditions. For example, limestones have a reasonably consistent
U concentration (U = ~ 2 p p m ) while speleothem have a large range of concentrations (U
= 0.03 - 100 p p m ) as they contain U derived from surficial and bedrock sources
deposited as the carbonate species in the form of a coprecipitate, along with other trace
elements (Gascoyne, 1992a). Organic-rich sediments m a y contain relatively high
concentrations of U due to the scavenging of U from groundwater by humic compounds.
In decaying organic deposits, humic and fulvic acids are formed which have high ionexchange properties. U is fixed as uranyl humate or fulvate by ion exchange and
adsorption. It has also been shown that living plankton and green algae are capable of
complexing U (Gascoyne, 1992a)

A variety of terrestrial samples may be reliably dated using the
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and Schleicher (1990) list these in decreasing order of suitability as: speleothem,
travertine, inorganic marl, and lacustrine sediment. Pebbles of pedogenic carbonate are
problematic to analyse but have provided reliable dates. Volcanic rocks containing U
bearing minerals have also been successfully dated. Tooth and bone samples m a y be
dated but it is usually necessary to check results by also measuring the 2 3 1 Pa/ 2 3 5 U activity
ratio, and therefore U concentrations need to be several p p m (Ivanovich et al, 1992).
Non-oligotrophic peat may be dated where it forms a closed geochemical system as U is
irreversibly bound to humic substances formed during decomposition of plants (Heijnis,
1992; Heijnis and van der Plicht, 1992). Antarctic ice containing significant amounts of
dust has also been dated (Fireman, 1986).
5.10.6 Uranium-series dating of speleothems
Ground waters that have passed through aquifers capable of contributing calcium and
carbonate ions m a y become saturated with respect to calcite or aragonite. Subsequently,
calcite and less commonly aragonite can be precipitated as surficial deposits such as
travertine and tufas, as laminated lake sediments, or in caves as speleothem. The
precipitation of calcium carboante is described by the right side of the carbonate
equilibrium equation,
Ca2++2HCa,^CaC03l+H20+C02(g)/t

E n 55

where the calcium carbonate precipitation is accompanied by a degassing of carbon
dioxide. Changes to the carbonate equilibrium in natural systems are also strongly
influenced by temperature, p H and other ionic concentrations. Also, concentrations of
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M g 2 + or S O \ - above IO"5 molar, often found in environments with high evaporative loss,
induce the crystallisation of aragonite rather than calcite (Latham and Schwarcz, 1992).

Precipitated deposits are suitable for U-series dating as uranyl 6+ ions form strong io
bonds with the carbonate, sulphate or phosphate and can be transported in solution in
concentrations of several p p m , while T h is insoluble in neutral waters. Therefore, when
the U-bearing minerals precipitate from cave watersfreeof clay minerals or other detrital
compounds they are devoid of Th, and all daughter isotopes are produced by in situ decay
of the U (Latham and Schwarcz, 1992).

The three main forms of speleothems are stalactites, stalagmites and flowstones.
Stalactites develop where C a C 0 3 is precipitated from seepage water as it drips from the
roof of a cave. This begins with the formation of a thin calcite tube or 'soda-straw' which
grows downwards, eventually blocks, and then water flows d o w n the outside of the
straw. A s precipitation continues, the stalactite thickens towards the ceiling and continues
to grow downwards, eventually forming a conical shape with a complex laminar
structure. In contrast, stalagmites grow up from the cave floor as columns towards a drip
source in the roof. The splash of drips tends to produce parallel growth laminae along the
central axis of the stalagmite. The third major form of speleothem, flowstone, forms on
the floor or walls of a cave where thin laminae of calcite are precipitated from seepage
water (Jennings, 1985).

Speleothems are often highly suitable for U-series dating as they are usually composed
massive non-porous calcite in which recrystallisation or isotope mobility are unlikely
(Latham and Schwarcz, 1992; Blackwell and Schwarcz, 1995). In contrast, recent
comparative studies of1 4 C and U/Th dating of speleothem have shown error is induced in
the 1 4 C age due to the complex history of carbonate in the speleothems (e.g. Goede and
Vogel, 1991; Holmgren et al, 1994).
Calcite in speleothem is mostly composed of a series of superimposed growth layers
distinguishable by changes in colour, texture and the inclusion of impurities. It has been
found that even detritus-free speleothem m a y exhibit a variety of colours (Latham &
Schwarcz, 1992).
The growth of calcite crystals in speleothem is perpendicular to growth layers and
continues across these layers, forming large syntaxial crystals whose long axis is parallel
to the major growth axis of the speleothem. Speleothems often contain various amounts
of detritus brought in by floods, or as aerosol during a growth hiatus. Included in the
detritus are varying amounts of U and T h which becomes trapped in the calcite crystals
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between growth layers. W h e n samples contain this detritus, corrections need to be applied
to the isotope activity ratios used in the age calculations, as undertaken on several samples
in this study (discussed below).

Both the
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Th/234U and 23* U/238U dating methods have been applied to speleothems,

the later being found useful for speleothem outside the range of the 2 3 0 Th/ 2 3 4 U method.
The application of the 2 3 +U/ 2 3 8 U method requires that the initial2 3 +U/ 2 3 8 U ratio must be
known. Several studies have used the method successfully by obtaining an initial
23+(j/238u ratio using data from any younger sections of a sample dated by the U/Th
method (e.g. Gascoyne et al, 1983). Also, a proxy initial ratio m a y be obtained from
modern calcite or dripwater from the same cave system, or calculated from the results of a
number of U/Th age determinations of speleothem from the same region (Ford and
Williams, 1989).

5.5.7 Corrections for the presence of detrital U and Th in samples
Most methods of correction for detrital contamination rely on 2 3 8 U , 2 3 4 U and 2 3 0 T h
isotope measurements of coeval samples normalised to 2 3 2 Th. The normalised isotope
measurements are plotted as ratios on pairs of isochron plots: 2 3 0 T h / 2 3 2 T h versus
234Tj/232Th, and2 3 4 U/ 2 3 2 Th versus 2 3 8 U/ 2 3 2 Th. The gradient of the line joining the data
points on these diagrams defines the 2 3 0 T h / 2 3 4 U ratio and the 234jj/238u ratio of the
pure, chemically precipitated U component of the sample. This fraction is referred to as
the carbonate component in correction models as it was developed using samples of
impure precipitated carbonate (Ivanovich et al, 1992)
Where coeval samples are not available, the

232

Th/230Th correction method may be

useful. This method assumes an initial232 Th/2 30 Th ratio, based on numerous past studies
which have measured these isotopes in a number of sedimentary environments. Although
this m a y incur substantial error, the error can be evaluated (Kaufman, 1993).

In early studies of correction methods (e.g. Rosholt, 1976, the initial description of
correction method; K u and Liang, 1984), leached subsamples, the component dissolved
in weak acid, and the detrital component, soluble only in strong acid, were separately
analysed. These isotopic measurements of the two fractions were then plotted as an
isochron. T h e gradient of the line joining the detrital and leachate points provided the
isotopic ratios of the pure carbonate component of the sample and the line intercept gave
the isotopic ratios of the pure detrital component. This was k n o w n as the leachate/residue
method (LR). The isochron in the graphs defined a mixing line along which the detrital
component of the sample increased towards the intercept (Ivanovich et al, 1992; Geyh
and Schleicher, 1990).
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A major problem with the L R correction method is the often complex nature of the detrital
component. Detrital material m a y consist of a mix of colloidal material, clays and resistate
minerals containing U-series isotopes that m a y not be in secular equilibrium and from
which differentialfractionationof isotopes between subsamples and during leaching is
possible (Ivanovich et al, 1992; Heijnis, 1992). This problem is avoided by graphing
only leachate isotopic measurements, the leachate/leachate method (LL). This method has
been shown to provide the correct pure carbonate isotopic ratios even w h e n differential
isotopic fractionation of detrital isotopes into leachates has occurred (Schwarcz and
Latham. 1989).

In a major study of the LL correction method, Schwarcz and Latham (1989) were able to
prove their empirical results mathematically (described in detail in Appendix 3, section
A3.2). A detailed comparative study of several correction methods by Kaufman (1993)
further supports the ability of the L L method to provide accurate ages for contaminated
carbonate precipitates. A n d in a recent study, Hillare-Marcel et al. (1996) utilised the L L
correction method to date shallow-marine deposits of Last Interglacial age in which minor
detrital contamination produced considerable error in the uncorrected age calculations of
coeval samples.

A requirement of the LL method is an adequate spread in the normalised activity ratios of
the subsamples to accurately define the isochron. This m a y be enhanced by using acids of
varying strengths for different leaches, thus supplying different amounts of detritus to
each leach (Schwarcz and Latham, 1989; Przybylowicz et al, 1991).
To avoid the possibility of differential fractionation between leaches, the total sample
dissolution method ( T S D ) was devised (Luo and K u , 1991). In this method two or more
coeval samples are totally dissolved and their isotopes analysed. The detrital component
of these samples is assumed to have a c o m m o n initial2 3 0 Th/ 2 3 2 Th ratio. The T S D method
involves the complete dissolution of subsamples (leaches), including the detrital
component. Therefore, the ratio of the weight fractions of each detrital isotope in the
leaches will be 1. Samples will usually contain different amounts of detritus and their
activity ratios will define a straight line when plotted on an isochron graph (Schwarcz and
Latham, 1989; Ivanovich etal, 1992).
A requirement of the TSD method is an adequate range in the proportion of detritus in
each subsample to provide a sufficient spread in the isotope ratios plotted on the isochron
graph. Increasing the spread in the points helps improve the fit of the isochron and
therefore better defines the age of the pure U-containing fraction of the sample. It has also
been shown that both leached and totally dissolved samples m a y be plotted on the one
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graph to improve the spread of ratio points (Heijnis, 1992). O n e drawback of the T S D
method encountered at A N S T O is that complete dissolution of samples m a y prove
difficult. Despite the use of concentrated acid solutions and microwave heating, some
resistate minerals have proved difficult to digest. Generally, however, using this method
samples can be totally dissolved.

In this study, the LL method was used where required. The amount of detrital
contamination was relatively low infirstleaches, while subsequent leaches with stronger
acid produced sufficient changes in the concentration of the detrital component in the leach
to provide an adequate spread of leachate points on the isochrons. Also, one bulk
calcarenite sample was analysed using the combined T S D and leach method.
The uncertainties of ages calculated from ratios obtain using the isochron correction
method are based on the correlation coefficient of three or more subsamples. Where only
two subsamples are analysed, the m e a n of the 2 3 0 T h / 2 3 4 U activity ratio errors are
calculated. The use of the correlation coefficient for error calculation has been criticised by
Geyh and Schleisher (1990) as the activity ratios plotted in isochrons have the same
denominator ( 232 Th activity) which biases towards a high correlation. G e y h (1994) has
noted the problems this m a y induce in high precision T I M S dating studies, but this
possible error in the calculation of the U/Th age error does not appear relevant to this
study.

5.11 Analytical procedures adopted in this study
Details of the analytical procedures followed in this study are presented in Appendix 3
(section A3.1) and only a brief summary is given below. Procedures generally follow the
standard methods adopted in the Environmental Radiochemistry Laboratories at A N S T O .
A full description of the range of chemical procedures employed in U-series
disequilibrium analysis are presented in the review of Lally (1992).
In this study, the mass of most speleothem and coral samples ranged between 10 - 12 g.
With samples suspected of being Holocene in age at least 15 g was required due to their
very low authigenic T h concentrations. Prior to leaching in 2 M H N 0 3 , samples were
spiked with 0.1 g of isotope tracers: working solutions with calibrated activities of the
artificial isotopes 2 3 6 U and2 2 9 Th, and left overnight for the solution to reach equilibrium.
The following day samples werefilteredbefore U and T h were coprecipitated with iron
hydroxide. T h e precipitate was dissolved in concentrated acid and the T h and U fractions
were separated and purified in ion exchange columns where they were selectively
adsorped and desorped on anion exchange resin. A thin uniform source for alpha
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spectrometry w a s obtained by electrodepositing the purified U and T h fractions on
stainless steel discs.

Radioisotope activity was measured with an Ortec high-precision alpha spectrometer. For
clean samples, the 2 3 0 Th/ 2 3 4 U age was calculated from the isotope activity ratios using a
P C age calculation program, very similar to the program published in Ivanovich and
H a r m o n (1982, Appendix C ) . T h e program uses an iterative calculation based on
Equation 5.1. The activity ratios of samples containing detrital material were normalised
to2 3 2 Th and plotted in isochron diagrams. A s described above, these diagrams provided
the corrected activity ratios used to calculate the age of the sample.

5.12 230Th/234lJ dating of coral samples from Lord Howe
Island
Coral samples were collected for U/Th dating from a number of sites on Lord H o w e
Island. At Neds Beach coral clasts were recovered from the beach facies which is exposed
at the base of the aeolianite cliffs. At Hells Gate and Middle Beach, coral clasts were
collected from beachrock outcrops. Acropora samples were recovered from auger holes
and pits dug in the beach flat behind Lagoon Beach, and from vibrocores of lagoonal
sediment (Table 5.5). All samples were thoroughly cleaned, and an accurate quantitative
assessment of the percentage of calcite and aragonite in each sample was obtained by Xray diffraction ( X R D ) . A quantitative analysis of the calcium carbonate phases recorded in
the X R D traces of most of the powdered coral samples was achieved using the Siroquant
P C program (CSIRO, 1995). Those samples with more than approximately 1% calcite
(Table 5.6), representing recrystallisation of the aragonite to calcite, detrital calcite, such
as fine sand grains within the coral, or calcific cement were rejected for dating. Clean
samples were weighed, isotope tracers added, and then leached in 2 M H N O 3 . Details of
the analytical methods used to extract and measure the radioisotopes are provided in
Appendix 3 (section A3.1). The calculated U concentrations and isotopic activity ratio
data used to calculate the2 3 0 Th/ 2 3 4 U ages are presented in Table 5.7.
5.12.1 230xh/234U dating of coral; samples from Neds Beach
The accurate dating of the beach facies exposed in the base of the aeolianite cliff at the
southern end of Neds Beach is important as it forms a major stratigraphic marker (section
3.6.3). This unit has previously been considered the basal unit of the aeolianite (Squires,
1963; Matters, 1974). However, this interpretation was found to be incorrect - detailed
mapping showed the beach facies to be underlain by a succession of older dune units and
palaeosols which form the Searles Point Formation (section 3.6.4).
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Table 5.5: Field data of fossil coral samples collected on Lord Howe Island
sample
number
LH-25

LH-34
hgc941

nbc941

location
(stratigraphic study
sites, Chapter 3)
Base of calcarenite
cliff (site 2) at the S
end of Neds Beach
as above
Beachrock remnant in
small cove, 40 m W
of Hells Gate (sites 7
- 8).
Base of aeolianite cliff
at S end of Neds
Beach (sites 2 - 3).

nbb941

as above

ogc941

O n basalt ridge behind
Old Gulch, N coast.

mbc941a

Beachrock outcrop S
end of Middle Beach
(site 17).

nbc95l

Base of aeolianite
cliff, E end of Neds
Beach (site 3).

lcl2

lc951a

Core 12, from below
the seaward end of the
Lagoon Jetty.
Coastal plain behind
Lagoon Beach, S side
of Middle Beach Rd.

taxa

7

?

turtle bone

geomorphic
setting
Large pebble from
foreshore deposit, part
of beach facies in
lower 5 m of cliff.
as above
Well-rounded pebble
from heavilycemented beachrock,
1.3m thick.
Well-rounded pebble
from foreshore
laminae in beach
facies in cliff behind
m o d e m beach.
Bone fragment from
beach facies.

elevation

2.8

Collected by C.
Woodroffe, 1992.

2.5
2

as above
Remnant outcrop at
N side of cove, a
site of rapid wave
erosion.
A n apparently wellpreserved coral clast
that proved to be
highly recrystallised
(Table 5.6).
Possibly part of a
turtle skeleton
(Meiolania?).
Raised beach deposit
covered by coastal
scrub. M o d e m
sample.
Probably remnant of
larger cemented
gravel beach deposit.

1.9

2.1

Boulder (300 m m b
axis) deposited above
m o d e m beach.

5

Cobble from wellcemented beach rock,
cementation aided by
groundwater discharge
from cliff.
Porites sp. Coral boulder (280
m m b axis) from
beach facies, base of
cliff behind m o d e m
beach.

2.5

Acropora
sp.

comment

(m LAT)

2.2

Coral
framestone/rudstone
facies.
From gravel unit in
baseofprograded
beach flat, behind
Lagoon Beach.

2.7

as above

2.4

Large platy boulder
with well-preserved
coral structure. The
largest coral
specimen collected
from the beach unit.
In situ coral in
upper reefal unit,
Lagoon core 12.
Coral gravel at base
of coarse sand unit,
in association with
molluscs (Lentillaria
paytenorum).
as above

-8

Acropora
sp.
Acropora
sp.
Acropora
sp.

as above

2.5

as above

From gravel unit
within muddy sand.

-1.6

lvl3961

Coastal plain, S side
of Middle Beach Rd.
Coastal plain, N side
of Middle Beach Rd.
Base of lagoon
vibrocore 13.
1.18m below top of
lagoon vibrocore 14.

Acropora
sp.

Basal gravel unit
below muddy sand.

-2.18

W14962

Vibrocore from
central area of
Lagoon.
Vibrocore from
central area of
Lagoon.

lc952
lc961
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Table 5.6: XRD measurements of calcium carbonate minerals in coral samples
sample no.

ANSTCi
lab. no.

weight %
aragonite

weight %
calcite

error %

Chi-square
statistic (a = 0.05,
v = 5, critical value
= 16.75)'

LH252
LH342
nbc951a
nbc951b
nbc951c
nbc951d
lcl2-

3031
>98
3032
>98
4780L1, L2 96.6
3.4
0.28
3.36
4781L1
95.7
4.3
0.22
2.86
93.4
5601L1
6.6
0.52
10.32
93.1
6.9
0.55
12.03
6653L1,
>98
6654L1,
7472L1
lfc951
4817L1, L2 98.7
0.22
1.3
2.75
lfc952
4818L1
98.6
0.23
1.4
2.93
5589L1
lfc961
98.5
0.28
1.5
5.65
mbc951
4779L1, L2 97.8
0.25
3.14
2.2
noc941
68.2
31.8
0.19
2.78
Ibmc96
5588L1
99.3
0.36
0.7
5.97
hgc941
3729L5
95.2
0.23
7.24
4.8
icl2c9612
6653L1
>98
Icl2c9612
6654L1
>98
Icl2c9612
7472L1
>98
ogc941
3733L5
98.7
0.47
1.3
7.40
nbc941
0.32
22.6
72.5
6.15
vl3c961
0.22
88.4
3.78
11.6
vl4c962
93.9
6491L1
0.16
3.17
6.1
1
this Chi-square test compares the sample trace pattern to pure mineral crystallographic data. A result less
than 16.75 indicates a match between the sample and mineral data at the 9 5 % confidence level.
2
results not statistically tested

The beach facies is the only unit within the aeolianite succession at Neds Beach that
contains coral clasts. The U/Th ages of two coral clasts from this unit were presented in
Woodroffe et al. (1995). Here, these data are reassessed and corrections for detrital U and
Th are m a d e using the L L isochron correction method. N e w U/Th ages of a far larger,
well-preserved coral boulder are also critically assessed. A smaller coral specimen and a
fragment of bone from this unit (Tables 5.5 and 5.7) were less successfully dated and
these results are also discussed.
The initial dating results (Woodroffe et al, 1995) revealed coral samples from the beach
facies exposed at Neds Beach have U/Th ages ranging from 113 - 168 ka. These results
support T L ages of 116 ±18 ka (W1693c) and 138±21 ka (W1693f), providing good
evidence of a Last Interglacial age for the deposit. B y examining the U and T h isotope
data of these samples in detail and calculating their initial 234TJ/238U ratios the validity of
the calculated ages can be assessed (Table 5.7; digital codes are A N S T O laboratory
numbers, italicised alpha numeric codes are sample numbers).
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Chapter 5: 14 C, T L and U/Th dating

B y measuring the U concentration in modern coral samples, any local deviation in the U
concentration and2 3 4 U / 2 3 8 U activity ratio m a y be revealed. These data can then be used
to assess the isotopic character of fossil samples, indicating the significance of U
concentrations or2 3 4 U / 2 3 8 U activity ratios that deviate from the general values recorded
from several sites (Burnett and Veeh, 1992). The post mortem incorporation of U occurs
as a detrital input and is indicated by the presence of2 3 2 Th and high U concentrations. As
shown in Figure 5.9, the uptake of detrital radionuclides in coral samples from Lord
H o w e Island appears to occur rapidly after burial and therefore the detrital contribution to
the isotopic ratios m a y be removed using the L L isochron correction method. The 2 3 0 Th
normalised ratios obtained represent the authigenic U and T h isotopic ratios necessary for
accurate age calculations.

Of the initial coral samples, leach 3032L2 (LH34b) has the most consistent isotope data
with a relatively high 2 3 0 Th/ 2 3 2 Th ratio (142) and a calculated initial 2 3 4 U / 2 3 8 U ratio
close to the expected value (Fig. 5.10), suggesting the calculated age of this sample (124
+11-10 ka, Table 5.7) is the most reliable. Leach 3031L1 has a relatively high
230

Th/ 2 3 2 Th ratio (235), indicating an insignificant 2 3 2 T h component, but a relatively

high initial 2 3 4 U / 2 3 8 U ratio (1.2327) which suggests some input of allogenic U (enriched
in 2 3 4 U ) . A s a consequence, the calculated age (113 +19-16 ka) m a y be slightly too
young. Leaches 3031L2 (LH25b) and 3032L1 (LH34a) have slightly lower 23 0Th/ 232 Th
ratios and relatively low initial 2 3 4 U / 2 3 8 U ratios (Fig. 5.10, Table 5.7), suggesting a
small detrital component and the possible mobility of U. Therefore, the calculated ages of
168 +19-17 ka (3031L2) and 140 +22-19 ka (3032L1) are less reliable than the ages of
3031L1 and 3032L2. The U concentration measured in these samples, compared to the
more recently analysed coral samples, are relatively high (3.81 - 4.25 ppm, Table 5.7).
Although there are very low levels of detrital T h in samples 3031L1 and 3032L2, the
relatively high U concentrations suggest the incorporation of some U into the samples
after burial. This has been found to be a c o m m o n feature of older fossil coral samples (Ku
et al, 1990; Burnett and Veeh, 1992). The 232Th-corrected ages of these samples (Fig.
5.11) support the assessment of the isotope data: the corrected age of sample 3031 (90
±10 ka) appears too young, which is consistent with minor U mobility, while the
corrected age of 3032 (110 ±10 ka) agrees with the calculated age of leach 3032L2 (124
+11-10 ka) within the age uncertainties.
To more reliably define the age of the beach facies at Neds Beach the outcrop was reexamined for datable coral clasts. In the initial field season, despite an extensive search
and pit excavations only one coral pebble of sufficient mass for dating was collected
(sample nbc941). Unfortunately it was found to be recrystallised, with only 7 2 . 5 %
aragonite (Table 5.6). Subsequent field seasons followed storm-wave erosion of the
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beach facies exposure and a large disc-shaped coral clast (~3 kg, Fig. 5.12) was
recovered from the freshly exposed cliff face (sample nbc951). Externally, this coral is
pale greyish brown while internally it is very pale grey. The colouration suggests clays
and organic compounds m a y have m o v e d into the clast. This probably occurred by
illuviation during the early history of burial, when less than 3 m of sand covered the
sample, as indicated by the pedogenic horizon in the top of the beach facies. The presence
of clay or organic compounds indicates detrital U and T h m a y have been introduced into
the sample. However, primary structures in the corallites are well preserved (Fig. 5.12).

The darker outer rind was removed from nbc951 and four subsamples were cut from the
middle of the remaining coral. Sand grains trapped in the corallites and the calcareous
lining of faunal borings were removed using a dental drill. The samples were coarsely
crushed, further cleaned with the dental drill, washed in an ultrasonic bath with distilled
water, dried, and powdered in aringgrinder. Approximately 3 g of each subsample was
submitted for X R D analysis. Results show samples contained between 96.6% and 93.1%
aragonite (Table 5.6).

4.4-

Late Pleistocene
coral
Holocene coral

U ppm

modern coral

1 1 1 I I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 • • • I ' ' ' I " • I " ' I ' '' I

0

20 40

60 80 100 120 140 160 180 200
Uncorrected U/Th age

Y axis error bars represent the 1 o uncertainty of the U concentration calculations, while the x axis error
bars indicate age uncertainties for Late Pleistocene corals (errors are smaller than the symbols for
Holocene and modern corals). These data suggests detrital U has been taken up by the coral clasts. This
appears to occur rapidly after deposition as early and middle Holocene and Late Pleistocene corals have
similar U concentrations. Therefore, with corrections for the detrital component in the samples, reliable
ages m a y be calculated from the U and Th isotopic data (U data of modern corals in Table 5.8).

Figure 5.9: A comparison of the U concentrations in modern, Holocene and Late
Pleistocene coral samples.
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Neds Beach
Lagoon core 12
L f Q modern coral mean
234U/238TJ ± 1 a error

open ocean mean
234TJ/238U

uncorrected 23(> rh/ 234 U age (ka)
Error bars show 1 CT uncertainties for the uncorrected 230Th/234U age and the initial 234U/238U activity
ratios (calculated using Eqn 5.3). Within the uncertainties of the measurements, all fossil coral samples
have calculated initial ratios in agreement with the mean value of modern coral. Therefore, within the
uncertainties, the coral samples have maintained a closed system for U. The mean 2 3 4 U / 2 3 8 U activity ratio
of the modern coral samples from Lord H o w e Island is considerably higher than the open-ocean value,
1.144 ±0.002 (Chen et al., 1986), suggesting a higher 2 3 4 U / 2 3 8 U activity ratio for shoreline waters at
Lord H o w e Island. However, the error terms of the modern coral ratio for Lord H o w e Island overlap the
oceanic ratio.

Figure 5.10: Calculated initial 234U/238U ratios of coral samples from the beach facies
exposed at Neds Beach and of an in situ coral from Lagoon core 12. The central dotted
line marks the mean 234U/238U activity ratio of modern coral samples (n = 7, Table 5.8)
from Lord Howe Island, the outer dotted lines indicate the uncertainties of the mean. The
unbroken line is the mean 234(j/238{j activity ratio of ocean water (1.144).

a) Isochrons of two leaches of coral sample 3031, with a corrected age of 90 ±10 ka.
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b) Isochrons of two leaches of coral sample 3032, with a corrected age of 110 ±10 ka.
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c) Isochrons of four leaches of one large coral sample (nbc951), with a corrected age
of 120+10-5 ka.
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Figure 5.11: Isochron graphs of coral samples from Neds Beach. Isochron gradients
define the isotope ratios of the pure carbonate used to calculate the corrected U/Th
ages. Error bars show the 1 sigma uncertainties.

Figure 5.12: Coral sample nec951 from Neds Beach, a) Sample nec951, in situ, in the lower bed
set of the beach unit (3bi) in the base of the cliff near site 3, at the E end of Neds Beach, b) The
top surface ofnec951, showing well-preserved corallites. c) A cross-sectional view ofnec951,
showing boreholes in the coral. The area sampled for U/Th dating is marked by the rectangle.
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The U and T h isotope data of this coral (nec951) indicates leaches 4780L2 and 5601L1
are the better-preserved coral pieces. They have high 2 3 0 Th/ 2 3 2 Th ratios (>350) and initial
234u/238u ratios close to the expected value (Fig. 5.10). Therefore, the calculated ages of
leaches 4780L2, 135 +10-5 ka, and 5601L1, 120 +5-10 ka, are the more reliable ages of
the coral. In contrast, leaches 4780L1 and 4781L1 have relatively low 2 3 0 Th/ 2 3 2 Th ratios
(<72), which indicate a minor detrital component. Also, leach 4781L1 has a relatively
high initial 2 3 4 U / 2 3 8 U ratio, likewise suggesting the presence of a detrital U component.
As there appears to have been a net gain of U in the samples, probably shortly after
of the coral (Fig. 5.9), the apparently reliable ages m a y be further tested by plotting the
232

Th corrected isotope ratios of all leaches of this coral on an isochron diagram and

calculating an age with the corrected ratios. The age so obtained is 120 +10-5 ka, which
agrees with the more reliable uncorrected ages (4780L2: 135 +10-5 ka; 5601L1: 120 +510 ka). This age also agrees with the reliable ages of the other coral from the beach facies
(3032L2 uncorrected age, 124 +11-10 ka; 3032 corrected age, 110 ±10 ka). These U/Th
ages provide good evidence of the beach unit having been emplaced during the Last
Interglacial highstand, between approximately 117 ka - 130 ka (Stirling et al, 1995; Stein
etal, 1993; Chen et al, 1991).
5.12.2

230

Th/234U dating of coral; samples from Lagoon core 12

A Jacro drill core from the Lagoon jetty penetrated weakly-cemented calcarenite, wellcemented rudstone and a coral-rich bindstone to framestone facies before reaching the
basalt bedrock (Kennedy, 1999). Three subsamples were cut from an in situ coral
(sample lcl2) in the upper part of the reefal unit, 503 c m below the top of the core. Under
the binocular microscope the coral appeared very well preserved, with no borings, detrital
sand or cement. However, some micrite had penetrated the outside of the core during
drilling and this was removed by washing with distilled water in an ultrasonic bath. X R D
analysis of the coral indicated no significant calcitic component (Table 5.6).

The isotope data of three leaches of the coral (Table 5.7) indicates they contain neg
detritus as the 2 3 0 Th/ 2 3 2 Th ratios are >500. However, the U concentrations are relatively
high (3.98 - 3.73 p p m , Table 5.7), indicating a very small U component derived from
groundwater which, given the virtual absence of detrital T h , m a y induce an
underestimation in the calculated ages. Nonetheless, the uncorrected ages of these leaches
are in good agreement: 110 ± 1 0 ka (6653L1), 115 ±10 ka (6654L1) and 115 +5 -10
(7472L1). The reliability of these ages was checked by applying a correction for the very
small allogenic U component. The isochron age of the coral is 120 +9 -8 ka (Fig. 5.13).
This age is slightly greater, though in agreement within the uncertainties, of the
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uncorrected ages, is consistent with a Last Interglacial age and with the reliable U/Th ages
of corals from Neds Beach.
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Figure 5.13: Isochron graphs of three leaches of an in situ coral from lagoon core 12.
Isochron gradients define the isotope ratios of the pure carbonate used to calculated the
corrected U/Th age of 120+9-8 ka.

5.12.3 2 3 0 T h / 2 3 4 U dating of coral; samples from beachrock deposits, the
coastal plain behind L a g o o n Beach and vibrocores of lagoonal sediment
Coral clasts collected from a variety of beach and lagoonal deposits were analysed to help
define the age of the sediment and to provide comparisons with the isotopic data of Last
Interglacial coral samples. At Hells Gate and Middle Beach, coral was recovered from
remnant beachrock deposits. Several samples were collected from the narrow coastal flat
behind Lagoon Beach, and two samples were selected from vibrocores of Holocene
lagoonal sediment (Table 5.5).
Small patches of beachrock crop out between Neds Beach and Middle Beach. However,
in some settings it is unclear whether they record deposition during the Holocene or Last
Interglacial. At Hells Gate and the southern end of Middle Beach, beachrock crops out as
erosional remnants, raised up to l m above the surrounding sandy beach or intertidal
platforms. The Hells Gate deposit, 300 m northwest of Neds Beach, comprises boulders
(1.3 m , b axis) composed of a layer of calcarenite and a bed (250 m m ) of heavilycemented conglomerate composed of well-rounded cobbles of coral, calcarenite and
basalt. The U and T h isotopic data for a coral cobble from the conglomerate, sample
hgc941, is normal and therefore its U/Th age of 6.5 ±0.5 ka is reliable (3729L5, Table
5.8). The U/Th age suggests the deposit records mid-Holocene beach sedimentation and
subsequent shoreline erosion.
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A coral clast from the beachrock at the southern end of Middle Beach, mbc951, has a
U/Th age of 4 ±0.2 ka (4779L1, Table 5.8). However, the high detrital content of the
sample ( 230 Th/ 232 Th = 2.8) necessitated a second leach, which was filtered prior to
coprecipitation of U and T h (Appendix 3, section A3.1.1) to reduce the detrital
component. T h e 2 3 0 T h / 2 3 2 T h ratio of this leach was still relatively high (12.6) and
therefore the coral is probably slightly younger than the calculated age of 2 ka ±0.2 ka
(4779L2, Table 5.8). However, these results indicate a late Holocene age for the deposit.
Three coral samples were recovered from the narrow coastal plain behind Lagoon Beach
and analysed. T w o were recovered from auger holes (Kennedy, in prep.) and one from a
pit dug near the suspected onlap of the beach sediment on the aeolianite. Both the auger
samples have low2 3 0 Th/ 2 3 2 Th activity ratios, indicating the presence of significant
detrital U and Th. The ages of 3.6 ±0.2 ka for sample lfc951 (4817L1), and 3.2 +0.1
-0.2 ka for lfc952 (4818L1) are therefore probably too old. Only one sample, lfc951, was
large enough for a second leach, which returned an acceptably high 2 3 0 Th/ 2 3 2 Th activity
ratio (104) and an age of 3.2 ±0.2 ka (4817L2, Table 5.8) was calculated. The age of the
pure carbonate component of the other sample, lfc952, is therefore also approximately 3
ka. The calculated age of the coral clast recovered from the pit, sample lfc961, is 4.9 +0.2
-0.3 ka (5589L1). The isotopic data of this sample indicates a reliable age (Table 5.8).
The U / T h age of this sample indicates the approximate time of initial lagoonal
sedimentation at this site.

An earlier study of the lagoonal deposits revealed they contain a continuous record o
lagoonal infilling since the middle Holocene (Nash, 1994). Obtaining 2 3 0 Th/ 2 3 4 U ages of
coral from vibrocores m a y reveal any underestimate in the 1 4 C ages, such as that
identified by Bard et al. (1990) for corals younger than 9 ka. These ages m a y also help
calibrate lagoon "whole-rock" A A R data (discussed in the following chapter).
Unfortunately a sample from the base of vibrocore 13, vl3c961, contained a significant
calcite fraction and was unsuitable for dating (Table 5.6). A coral fragment from 1.18 m
below the top of vibrocore 14, vl4c962, was suitable for dating and has a U/Th age of
5.8 +0.4 -0.2 ka. Isotopic data for this sample (6491L1) indicates a reliable age
calculation (Table 5.8).
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5.13 230Th/234u dating of aeolianite samples
Sections of aeolianite exposed at the northeast end of North Beach at North Bay have a
relatively thick (~2 m m ) dense, secondary calcareous rind. The rind appears impermeable,
therefore it m a y form a closed system for the aeolianite below. B y U/Th dating the
skeletal grains a m i n i m u m age m a y be obtained. A sample of this material, now941, was
collected and two subsamples analysed. O n e was leached in 2 M H N O 3 (3957L5), the
second w a s totally dissolved in a solution of concentrated H N O 3 , H 2 S O 4 and H F
(3957T1). The isotopic data of these samples (Table 5.11) was normalised to 2 3 0 Th and
plotted on isochron diagrams. The age calculated from the corrected activity ratios was
>350 ka. However, due to the large errors in the isotope ratios several leaches would be
required to obtain a meaningful result.

5.14

230

Th/234U dating of speleothems from Lord Howe Island

Speleothems were collected at North Bay, the Lagoon boat ramp and Searles Point. These
carbonate precipitates formed in association with solutional weathering of the aeolianite.
They are important to this study as they can provide m i n i m u m ages for the large dune
units in which they formed that are otherwise devoid of sediment suitable for U/Th
dating. Speleothems dated by the U-series method also have the potential to provide
palaeoclimatic information from their oxygen and carbon stable isotope records.

At North Bay, stalagmites and a stalactite were collected from caves, while a subaeri
exposed flowstone remnant was cored. Flowstone was collected from a cave collapse
deposit adjacent to the Lagoon boat ramp. Flowstone core was drilled from a small cove
in the shoreline at the eastern end of Old Settlement Beach (site 2, Fig. 3.44) but not dated
as it appeared too weathered. At Searles Point, three cores and two hand specimens were
obtained from three subaerially exposed flowstones. The location of the samples is
indicated in Figure 5.14 and field descriptions are summarised in Table 5.9.

5.14.1 Speleothems from North Bay
T w o stalagmites and a stalactite were recovered from cave collapse deposits in three caves
at North Bay. Also, an apparently in situ flowstone deposited within a former cave
system, exposed in a gully in the aeolianite ridge at the northeast end of the bay, was
cored using a hand-held petrol-powered drill (Table 5.9).

Samples from caves at North Bay
T w o caves have formed in the aeolianite ridge behind the eastern end of North Beach,
approximately 15 m above M S L (stratigraphic details in section 3.10). Cave 1 is a
relatively small open cave entered via a doline. O n e stalagmite, sample nosg941, was
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recovered from within debris in this cave and returned an age of 37 +6.5-6 ka (3732L5,
Table 5.10). T h e 2 3 0 Th/ 2 3 2 Th ratio of 12.5 for this sample indicates a minor detrital
component in the leach. A second leach was not possible due to insufficient sample.
However, corrections for detritus in samples with similar isotope ratios indicate the age of
the pure carbonate would most likely lie within the lower limit of the uncorrected age (-31
ka).

Cave 2, 50m east of cave 1, is also entered via a doline. It consists of a relatively
low passage (25 m long, 0.3 - 1 m high) which connects to an arched chamber
approximately 5 m below the elevation of the entrance. Here, several piles of debris
contain speleothem and a stalagmite (160 m m long, base 90 m m , top 80 m m , Fig 5.15)
was recovered from the lower end of the chamber, sample nosg961. The basal and top
segments of the stalagmite have uncorrected U/Th ages of 8.4 ±0.6 ka (5600L1) and 6.8
±0.7 ka (6088) respectively (Table 5.10). Relatively low 2 3 0 Th/ 2 3 2 Th ratios of 4.7 and
4.3 reflect the presence of a moderate amount of detrital T h and likely U in these samples.
A second leach of the basal sample (5600L2) and then isochron correction for the detrital
fraction provided an age of 3.8 ±0.6 -0.4 ka, which indicates the early period of
stalagmite growth. The difference in the corrected and uncorrected ages reflects the
relatively large influence the detrital Th fraction has on uncorrected ages of late Holocene
samples.

The third cave examined at North Bay is located approximately 300 m northeast of cave
1 and 2, the cave entrance sitting approximately 70 m above M S L . The cave has formed
within a ridge of aeolianite, between two narrow valleys eroded along the contact of the
aeolianite and basalt. It is far larger than the two lower caves, consisting of 3 chambers
separated by collapse debris. The lower quarter of a stalactite was recovered from debris
in the middle chamber, sample nosc941. The remainder of the stalactite was collected
during a subsequent field trip (nosc951, discussed below). A cross-section was cut from
the initial stalactite segment (nosc941) and samples were drilled from the cross-section in
concentric zones (each sample zone was approximately 5 m m wide, 5 - 8 m m deep)
outwards from the centre or straw of the stalactite (Fig. 5.16).
Two leaches of sample from around the straw (4270L1 and L2), zone 1, have U/Th ages
of 27 +3.5 -4 ka and 25 ±3 ka. However, 2 3 0 Th/ 2 3 2 Th ratios of 6.9 and 9.0 indicate
moderate detrital contamination (Table 5.10). T w o additional leaches from zone 1 have
U/Th ages of 28 +2.5 -3 ka (4246L2) and 29 ±2.5 ka (4246L3). The 23 0Th/ 232 Th ratios
of these samples, 17.3 and 15.9, indicate only minor detrital contamination and more
reliable ages. These U/Th ages have uncertainties which overlap, supporting an age for
zone 1 of approximately 28 ka (Table 5.10).

Samples: nosc941
nosc951: Stalactite samples, cave 3, North Bay.
nosg951
nosg961: Stalagmite samples, caves 1 & 2, North Bay.
nof961: Flowstone sample, above cave 3, North Bay.
brf962
osbf96: Flowstone samples, E end of Old Settlement Beach & N of the Lagoon boat
ramp.
sef961
sef962
sef964
sef971: Flowstone samples from Searles Point and W of the point.

Figure 5.14: The locations of speleothem

samples collected for U/Th dating.
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Table 5.9: Field data and sample descriptions of speleothems collected on Lord Howe
Island
sample no J
A N S T O lab.
no.
no/967
5597- 5599,
6108

nosc941
4246 - 4248,
4270,4271
nosc951
4782, 4783,
4809, 4810
nosg941
3732
nosg961
5600. 6088

location
(stratigraphic study site,
Chapter 3)
North Bay
Base of gully in aeolianite, ~
60 m above the shoreline,
above cave 3 (site 4, North
Bay).

sample description

240 m m thick, laminated
flowstone.

Middle chamber of cave 3.
Lower section of large
Sample from base of large
stalactite, 150 m m long,
rubble pile (site 4, North Bay). 100 m m diameter.

comment

Weathered horizons in
the top and base of
core, remaineder wellpreserved. Core
fractured into 6
sections during
drilling.
Stalactite covered in
moist rubble.

Middle chamber of cave 3.
Base of stalactite, 250 m m
Sample from base of large
long, 220 m m diameter.
rubble pile (site 4, North Bay).

Stalactite segment
within rubble, covered
in mud.

Base of cave 1, ~ 15 m above
the shoreline (adjacent to site
2, North Bay).
Base of cave 2, ~ 8 m above
the shoreline. Sample from
rubble pile in basal cavern (site
2, North Bay).

Stalagmite covered in
mud.

Small stalagmite, 45 m m
long, 40 m m diameter.

Majority of stalagmite, 160 Stalagmite covered in
m m long, 90 m m diameter. mud.

Old Settlement Beach
osbf96
not dated

Calcite precipitated within
Exposed on S side of small
cove, E end of Old Settlement a fracture in the aeolianite,
35 m m thick.
Beach, ~ 0.5m above M H W
(site 2, Old Settlement Beach).

Thin band of
laminated calcite, not
dated.

Lagoon boat ramp
br/961
5595, 5596

Depression in aeolianite filled Laminated flowstone, 35
with red soil and rubble, 30 m m m thick, and cemented
palaeosol.
N of boat ramp, ~1 - 2 m
above M H W (site 4, Lagoon
boat ramp).

Very well-preserved,
flowstone encased in
reddish brown
palaeosol,
Gudeoconcha shells
within palaeosol.

Searles Point
sef961
6085

sef964
5594
sef962
5591 - 5593
6106, 6107,
6489
sef971
7473, 7474

Flowstone remnant
deposited adjacent to a
fracture in the aeolianite.
Laminated. Core: 55 m m
diameter, 90 m m long.
Western end of Searles Point, Remnant of laminated
on eastern wall of cove (site 8, flowstone remnant, hand
sample.
Searles Pt).
Laminated flowstone, 55
E end of Searles Point, in a
m m core, 150 m m long,
small depression in the
aeolianite (site 9, Searles Pt). and 1 hand sample.
O n surface of raised shore
platform (sites 6-7, Neds
Beach - Searles Pt).

Laminated flowstone, 55
E end of Searles Point,
m
depression in the aeolianite, 15 m core, 160 m m long.
m E of sef962 (site 9, Searles
Pt).

Weathered horizon in
top of flowstone.

Weathered horizon in
top of flowstone.
S o m e fractures in
flowstone, wellpreserved section
cored.
Well-preserved
flowstone.
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Figure 5.15: Photographs of a stalagmite and several flowstone samples from Lord Howe Island.
a) Cross-sections cut from several samples. The stalagmite (nosg961) is from cave 2, North Bay. The other crosssections are of flowstone samples from North Bay (nof961), near the Lagoon boat ramp (brf961), and Searles Point
(sef962, sef971). While there are s o m e porous sections in all samples except brf*971, sample material for U/Th
dating was cut from well-preserved, dense,finelylaminated calcite. b) Sample nof*96l, a core from a large slab of
flowstone found in the aeolianite outcrop above cave 3, North Bay. The core is 44 c m long. The core fractured into
six sections (1 - 6) during drilling. Laminae in the calcite are evident (L) and the top of the core (T) is weathered,
while most of the core (sections 2 - 5 ) consists of dense, well-preserved calcite from which samples were cut for
U/Th dating, c) A close up of section 3 of flowstone nof961 showing the flowstone is composed of dense, finely
laminated calcite. A growth hiatus (h) is evident within the flowstone.
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Figure 5.16: Sample nosc941, a cross-sectional slice, 40 mm thick, of a large stalactite from
3, North Bay. The straw (S), and the 4 zones of laminae (Zl - Z4) dated by the U/Th method are
indicated.
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Error bars represent the 1 a uncertainties of the measurements. Sample 4247L1 has both low U
concentration and a2 3 4 U/ 2 3 8 U ratio below unity, indicating possible mobility of U , whereas the other
samples have relatively consistent 2 3 4 U/ 2 3 8 U ratios above unity, suggesting closed system conditions.
activity ratio of samples
Figure 5.17: U concentration verses 234U/238U
section (nosc941) of a large stalactite from North Bay

from

the lower

A sample from the next outer zone, zone 2, has a U/Th age of 26 ±4.5 ka (4271L1).
However, a relatively low2 3 0 T h / 2 3 2 T h ratio of 6.5 indicates a significant detrital
component, suggesting the age of the pure carbonate is slightly younger. A sample from
zone 3 has a 2 3 4 U/2 3 8 U ratio below unity (4247L1) indicating the loss of U and therefore
unreliable isotopic data (Fig. 5.17). The sample from the outer zone of the stalactite, zone
4 (4248L1), is a relatively clean sample (230Th/232Th = 28) with normal isotopic ratios,
although the errors of the measurements are quite large due to poor resolution of the U
alpha spectra. The sample has a U/Th age of 14.5 ±3.5 ka (Table 5.10). In summary, the
230

Th/ 2 3 4 U ages of this segment of stalactite (nosc941) reveal the calcite was precipitated

between approximately 29 ka and 14.5 ka.
The basal section of this stalactite, sample nosc951, was dated in an attempt to improve
and extend the chronology of speleothem development in this aeolianite unit. It was cut
longitudinally and samples were drilled from zones along growth layers, between the base
and top of the stalactite (Fig. 5.18). Four zones were analysed: zone 1: the base of the
stalactite; zone 2: above a prominent growth hiatus in the basal section; zone 3: the middle
section of the stalactite; and zone 4: the outer lower section of the stalactite. The isotopic
data (Table 5.10) indicate a considerable detrital component in these samples with all
230

Th/ 2 3 2 Th ratios < 4. Also, one sample, nost951d (4810L2), has a 2 3 4 T J / 2 3 8 U ratio
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below unity suggesting possible loss of U (Fig. 5.19). However, the uncorrected ages
are in stratigraphic agreement, ranging from 47 ±3 ka (4782L1) for zone 1, the base of
the stalactite, to 21 +3-2 ka (4810L1) for the sample from the outer laminae, zone 4
(Table 5.10).

In order to correct for the presence of the detrital fraction, additional calcite was
from the same zones to provide additional leaches. The results of these analyses and the
earlier data were normalised to their 2 3 2 Th activities and plotted on isochron graphs (Fig.
5.20). Isotopically consistent isochrons were obtained for all sampled zones except zone
3. The second leach from this zone (4809L2) is unsuitable for dating as it has a
234

U / 2 3 8 U activity ratio below unity (0.8482), indicating a probable loss of U (Fig.

5.19).

The isochrons for subsamples from zones 1, 2 and 4 (Fig. 5.20) provide the isotopic
ratios of the pure carbonate component of the samples and were used to calculate ages of
36 +2-3 ka for zone 1, the base of the stalactite; 32 ±1 ka for zone 2, directly above a
major growth hiatus near the base; and 18 ±2.5 ka for zone 4, the outer section of the
stalactite. These results support the earlier dating of an end piece of the stalactite, provide
a more rigorous and complete chronology for the stalactite and importantly, extend the
minimum age for the aeolianite in which the speleothem was deposited. The U/Th ages
confirm the stalactite grew during the Last Glacial and it potentially contains a significant
stable-isotope record (isotopes of O and C ) of climate change.
Flowstone samples from North Bay
A n apparently in situ flowstone remnant was found approximately 150 m northeast of
cave 3, approximately 60 m above M S L . This thick flowstone (240 m m ) was cored for
dating, sample no/957 (Fig. 5.15b). The core was cut longitudinally and samples cut at 4
intervals along the core (Fig. 5.21). Where growth layers were discernible, slices were
cut parallel to the growth layers. All samples were examined under a binocular
microscope to discern any weathering in the calcite. Although the lower and top sections
of the core appeared slightly weathered, with numerous fractures and minute dissolution
pits, all slices cut for dating were of dense, mostly laminated calcite and appeared
unweathered (Fig. 5.15b, c).

The isotopic data of these samples suggest all but one (5597L3) has experienced close
system conditions (Table 5.11, Fig. 5.22). Also, all samples are relatively clean with
230rh/232Th ratios between 35 - 80. T w o leaches of sample from near the top of the core
(section 3, 5599L1 and L2) have ages of 80 ±5 ka and 95 +5 -10 ka (Fig. 5.21). Below,
in core section 4, an age of 75 ±5 ka was obtained (6108L1).

318

Figure 5.18: Sample nosc951, cut lengthways. This is the base of a large stalactite from cave 3
North Bay. The straw (S), a distinct growth hiatus (H) and the 4 zones of laminae (Zl - Z4)
which were dated by the U/Th method are indicated.
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All but two samples have consistent 2 3 4 U/ 2 3 8 U ratios above unity (within the uncertainties). The two
samples with 2 3 4 U / 2 3 8 U ratios below 1 (outside their positive error) also have relatively low U
concentrations, indicating they may have experienced mobility of U with the preferential loss of 234 U.

Figure 5.19: Uranium concentration verses 234U/238U activity ratio for leaches from the
basal section of a large stalactitefromcave 3 North Bay.

In core section 5, three leaches (5597L1, L 2 and L3) were analysed. The first leach has
an age of 145 ±15 ka. However, the two subsequent leaches have ages in agreement, 70
±5 ka and 75 ±10 ka, indicating a reliable age of approximately 75 ka for this section. The
basal section has a U/Th age of 75 ±5 ka (75598L1, Fig.
Apart from one anomaly (5597L1, Fig.

5.21)

5.22), replicate results from the same sections of

core are in agreement, within the 1 or 2 standard deviation uncertainties (Fig.

5.21). The

top of the core is approximately 80 - 95 ka while the middle and base are approximately
75 ka. However, the age uncertainties of all sections overlap. Taking into account the
error terms, these results show the flowstone was deposited between 65 ka - 100 ka. The
slightly older ages at the top of the core suggest the flowstone m a y not be in situ and
could have been eroded and overturned. Significantly, the U/Th ages considerably extend
the chronology of the North Bay aeolianite in which the flowstone was deposited.

a) isochrons of two leaches from sample 4782. The corrected U/Th age is 36+2-3 ka
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b) isochrons of three leaches of sample 4783. The corrected U/Th age is 32 ±1 ka
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Figure 5.21: Sample locations in the flowstone core nof961 from North Bay. The
isotopic data indicates reliable ages, however, 5597L1 appears anomolously old.
All other ages have overlapping uncertainties. The slightly greater ages at the top
of the core suggest the flowstone may have been eroded and overturned.
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Error bars represent the 1 a uncertainties of the measurements. No positive correlat
concentration and the 2 3 4 U/ 2 3 8 U ratios indicating there is no general loss of U. However, possible U
mobility is reflected in sample 5597L3, with a low U concentration and 234U/238U ratio below 1.
Figure 5.22: 234U/238U activity ratios plotted against U concentrations for samples from
the North Bay flowstone (nof961).

5.14.2 Flowstone samples from the L a g o o n boat r a m p
Several speleothems were recovered from a cave collapse deposit located on the northern
side of the lagoon boat ramp (Fig. 5.14). Broken stalagmites, stalactites, shawls (flared
roof and wall deposits) and flowstone were recovered from this site. Most speleothems
were chalky indicating they have experienced considerable weathering. However, the
number and size of the larger stalactite pieces (up to 90 m m diameters, 200 m m long)
indicate considerable karst development in this aeolianite. Also of interest was the
palaeosol found in association with the speleothem. Several of the stalagmites and
flowstones had been deposited over a well-developed red clay palaeosol. Included in this
cemented palaeosol were numerous Gudeoconcha sofia, a terrestrial snail. The palaeosol
appears similar to the terra rossa soils found on the Middle Pleistocene aeolianite in
southeastern South Australia (Belperio et al, 1996). At the boat ramp site, the soil has
been covered during a subsequent phase of dune mobility. Subsequently the dune has
been cemented and solutional chambers appear to have formed at the contact between the
two units. Here, speleothems have been deposited above and on the palaeosol. The cave
deposits have more recently become exposed by shoreline erosion, probably during the
Holocene sea-level highstand. The best specimen collected from this site was a thin (35
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m m thick) flowstone encased in cemented palaeosol, sample brf961 (Fig. 5.15b, Table
5.9).

The boat ramp deposit records an initial period of pedogenesis, the subsequent coveri
of the soil by dunes, the solutional weathering and reprecipitation of calcite in the dune, a
second period of soil formation or infilling of the cave with soil or stream sediments and
the subsequent cementation of these sediments. The flowstone (brf961) has been wellpreserved through its encasement in the palaeosol and should have an age consistent with
a considerable period of speleogenesis.
Three samples were cut from this dense, dark brown to grey laminated flowstone, two
samples from the basal section (5595L1, L2) and one sample from 17 m m above the
base, near the top of the flowstone (5596L1). Within the age uncertainties, all ages
overlap (Table 5.12). The sample from the base of the flowstone, immediately above the
soil - calcite contact, returned an age of 285 +120-65 ka (5595L1). The second sample,
from 2 - 7 m m above 5595L1 (a 5 m m slice, width of the cut is 2 m m ) , has an age of 190
+30-25 ka (5595L2). The isotopic data of these samples show both have a relatively low
detrital component, with 2 3 0 Th/ 2 3 2 Th ratios of 52 and 33 for LI and L 2 respectively, and
similar U concentrations (Table 5.12). However, the 234TJ/238TJ r a l i 0 0 f the basal sample
(5595L1) is relatively low - TJ mobility is not unusual near contacts between speleothem
calcite and clastic sediments (Ford and Williams, 1989). The third sample, 10 m m above
5595L2, has a similar age of 190 +30-20 ka (5596L1). The isotopic data of this sample is
very similar to 5595L2 (Table 5.12) and suggests a reliable result. Given the thickness of
the flowstone and the age uncertainties, these ages are stratigraphically consistent and
provides confidence in the results. Therefore, the flowstone has a reliable U/Th age of
around 190 ka.
5.14.3 Flowstone samples from Searles Point
Three flowstone remnants were discovered on Searles Point, and another flowstone was
found on a similarly eroded and etched raised shore platform 80 m to the west (Fig. 5.14,
Table 5.9). These outcrops were mapped as part of the Searles Point Formation (section
3.6.3).

At the eastern end of the point, two flowstones were cored, samples sef962 and sef971
(55 m m core; Fig. 5.15b). A block was chiselled from the same flowstone as sample
sef962, adjacent to the core hole, samples sef962e, f. At the western end of the point, a
sample was chiselled from a flowstone remnant, sample sef964. A core was also drilled
from the flowstone located west of the point, sample sef961 (Table 5.9).
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The isotopic data of samples from core sef962 from Searles Point (Table 5.12) suggest
closed system conditions for all but one sample, 5591L1, which has a relatively high
234TJ/238TJ

ratio, suggesting mobility of U in the these laminae. The calculated age of this

sample, 125 ± 1 0 ka, is anomalous and likely unreliable. U/Th ages of the other samples
(6106, 5592, 6107) show some variation through the core. However, the uncertainties of
the calculated ages overlap indicating the age of the core is approximately 230 ka - >350
ka (the upper limit of the method; Fig 5.23). Isotopic data of two samples of the block of
this flowstone reveal one sample to be unreliable as its2 3 4 U / 2 3 8 U ratio is below unity
(6489, Fig. 5.24), indicating the loss of U. This sample appeared to be from the same
zone of laminae as core sample 5591 LI, suggesting weathering has affected this section
of flowstone. Isotopic data of the second sample of the block, 5593, appears reliable
(Table 5.12, Fig. 5.24) and the age calculated is >350 ka. This sample was from
immediately above the zone of laminae as sample 6107, which yielded an age of 320
+110 -60 ka, and below the laminae of sample 5592, which returned an age of 230 +35
-25ka. The older age agrees with 5593 within the age uncertainties (Fig. 5.23). The two
results suggest the reliable m a x i m u m age of this flowstone (sef962) is >350 ka.
Two samples from the second flowstone cored on Searles Point, sef971, were analysed.
The U and T h isotopic data of these samples appear to record closed system conditions
(Table 5.12, Fig. 5.24). These data suggest reliable U/Th ages of 205 +30 -25 ka
(7474L1, -23 m m ) and 240 +45 -30 ka (7473L1, -90 m m ) for these sections of the
flowstone.

Flowstone remnants at the western end of Searles Point (sef961), and on a raised shor
platform 80 m to the northwest (sef964) have U/Th ages of 260 +45 -30 ka (5594L1) and
290 +60 -40 ka (6085L1) respectively (Table 5.12). Numerous fractures were evident
within these samples and the isotopic data show relatively high U concentrations
(5594L1, Fig. 5.24). These ratios m a y reflect some input of marine carbonate into the
flowstones and are considered to provide calculated ages less reliable than the other
flowstones for which analyses of superposed samples were undertaken. Possibly, if there
has been a net input of carbonate in the samples, the U/Th ages m a y represent minimum
ages for these flowstone remnants.
5.14.4 Assessment of the U/Th ages of flowstone samples
The speleothems have experienced considerable subaerial exposure, most probably for at
least the last few thoudand years, and parts of the flowstones have experienced some
mobility of U due to weathering of the calcite, especially the upper laminae. However,
large sections of the flowstones are remarkably well-preserved. This preservation is

O-i

flowstone core
sef962

laminae
sampled

Lab no.

\

Age ka 234U/238U

U ppm

230Th/234U

230Th/232Th

320t|g

1.10

0.19

0.97

31

- 5591
- 6489

125 ±10
>350

1.22
0.94

0.21
0.17

0.70
0.99

20
102

-5592
• 5593
- 6107

230t|f
>350
320t^°

1.07
1.05
1.08

0.27
0.23
0.17

0.89
1.00
0.97

80
99
87

flowstone block
sef962

50-

<wvww%
mm
100-

150-

calcarenite

200-

calcite veins

55 m m

Figure 5.23: Flowstone core sef962 from Searles Point and a block of flowstone from
adjacent the core. The isotopic data suggests samples 5591 (high 234JJ/238[J ratio, low
U ppm, low 230Th/232Th ratio) and 6489 (low 234TJ/238U ratio) are unreliable. The
other ages appear reliable and although there is a slight age reversal, 5592, the
uncertainties of the ages overlap. Significantly, the maximum age of the flowstone is
>350ka.
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No positive correlation is apparent between the U concentration and the 234 U/ 238 U activity ratios in the
data offlowstonessef962 and sef971 or within the data set, suggesting closed system conditions.
However, one sample, 6489LI, has a234 U/ 238 U ratio below 1 and relatively low U concentration which
suggest U mobilisation. Error bars for U (ppm) measurements are smaller than the symbols.

Figure 5.24: U concentration plotted against 234U/238U
activity ratio of samples of
flowstones sef961, sef962, sef963 and sef964, located on and north of Searles Point.

reflected in the isotopic data of the samples, which indicate closed system conditions,
the stratigraphically consistent ages of superposed samples from within the flowstones.
Most of the U/Th ages obtained for the flowstones therefore appear reliable. The
preservation of the flowstones is probably due to the density of the calcite and the
thickness of the samples from Searles Point and North Bay. The encasement in clay-rich
sediment of the relatively thin flowstone from near the Lagoon boat ramp has fortuitously
preserved this sample.
The Middle Pleistocene ages of the flowstones from the Lagoon boat ramp and Searles
Point provide important corroboration of the lithostratigraphic classification of these
outcrops proposed in Chapter 3. The dune units are considered part of the Searles Point
Formation and were interpreted to have been deposited considerably before emplacement
of the beach unit at Neds Beach, which has a U/Th age of approximately 120 ka.

The U/Th ages of flowstones at Searles Point (sef97I) and the Lagoon boat ramp
(brf961) suggest speleogenesis occurred during the Penultimate Interglacial, and possibly
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an earlier interglacial (sef962). At North Bay, the flowstone analysed was precipitated
during the Last Interglacial (nof961) and a stalagmite (nosg961) has been deposited
during the present interglacial. Although these results suggest flowstone formation m a y
be linked to interglacial periods, the U/Th ages of the stalactite from North Bay (nosc941,
nosc951) indicate relatively large speleothems can also grow during glacial periods on
Lord H o w e Island.

5.15 A summary of the U/Th dating results
This dating program has provided a new U/Th chronological framework for the aeolianite
on Lord H o w e Island. The n e w chronology considerably extends the period in which
carbonate was thought to have been accumulating on the island. The major findings of
this dating program m a y be summarised as:
1) At Neds Beach, coral samples have reliable uncorrected U/Th ages of 124 +11-10 ka,
135 +10-5 and 120 +5-10 ka, and corrected ages of 110 ± 1 0 ka and 120 ±10 ka,
providing a more representative age for this deposit and indicating deposition during the
Last Interglacial highstand.

2) Replicate analyses of an in situ coral from lagoon core 12 returned uncorrected U/Th
ages of 110 ±10 ka, 115±10 ka and 115 +10 -5 ka, and an isochron corrected age of 120
+9 -8 ka, all in good agreement within the age uncertainties and indicating a reliable age of
around 120 ka. The same section of core contains a relatively high energy rudstone facies.
Therefore, the U/Th ages indicate that a reefal setting existed on the west coast of the
island during the Last Interglacial.
3) Flowstone samples collected from Searles Point, stratigraphically below the Last
Interglacial beach unit at Neds Beach, returned U/Th ages that reveal the flowstones were
first deposited at approximately 240 ka and before 350 ka. These results support the
stratigraphic assessment of the dune units in which the flowstones were precipitated,
indicating the dunes were emplaced during the Middle Pleistocene.
4) The reliable U/Th age of flowstone from near the Lagoon boat ramp, on the western
shore, is approximately 190 ka, providing a minimum age for the basal dune units on this
side of the island.
5) U/Th ages of speleothem samples from North Bay reveal, i) flowstone was deposited
between approximately 75 ka - 95 ka, providing a m i n i m u m age for the thick climbingdune units; ii) the U/Th ages of a large stalactite from this outcrop show the calcite was
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precipitated between approximately 36 ka - 14 ka and; iii) the corrected U/Th age of the
base of a stalagmite, 3.8 +0.6 -0.4 ka, indicates speleogenesis has occurred in the middle
to late Holocene. This stalagmite m a y contain a valuable stable isotope (O, C ) record of
last few thousand years.

6) Coral clasts collected from the coastal plain on the west coast and beach rock out
on the east coast yielded U/Th ages of middle to late Holocene.

5.16

14

C, TL and U/Th dating: conclusions

The results of the dating programs reported in this chapter have established that the age of
aeolianite on Lord H o w e Island extends well beyond the Last Glacial and Last
Interglacial, which are the m a x i m u m ages of the aeolianite reported or suggested in
previous studies (Squires, 1963; Standard, 1963; Mattes, 1974; Kaplin, 1981), reviewed
in Chapter 2 (section 2.6). In this investigation the ages obtained for the thick dune units
which form the upper succession of aeolianite, the Neds Beach Formation, contrast with
age estimates for the units reported in the earlier studies of the aeolianite. The 1 4 C age of
snails from protosol exposures (-35,800 - > 42000 yrs B P ) and T L ages of the quartzbearing lithic fraction of the dune units (-83.4 - -94.3 ka) suggest an age considerably
older than the Last Glacial M a x i m u m , as suggested in the earlier studies. Indeed, the finite
14

C ages (35,800 ±750, 39,700 ±2,400 yrs B P ) appear to reflect contamination of the

samples by minute proportions of carbon with a modern 1 4 C activity. Therefore the snails
are most likely considerably older than the limit of the method in this study,
approximately 42,000 yrs. In light of both the 1 4 C results and the T L ages it appears
many of the dune units of the Neds Beach Formation were deposited before 42,000 yrs
B P but after the emplacement of beach deposits at Neds Beach. Thermoluminescence and
U/Th ages of the beach unit at Neds Beach indicated the sediments were emplaced during
oxygen isotope sub stage 5e. In Chapter 6, the succession at Neds Beach are
chronologically compared with successions in the other major outcrops through the
application of the A A R dating method. Snail samples from several protosol and palaeosol
units, including the shells dated by the 1 4 C method, are also dated by the A A R method in
Chapter 6 to better define their age.

This chapter also has provided reliable ages for dune and palaeosol units and speleot
in the lower aeolianite succession, the Searles Point Formation. The T L ages of a dune
unit at Neds Beach (222 ±28 ka), and palaeosols at Neds Beach (273 ±155 ka) and
Middle Beach (201 ±19 ka) which are part of the Searles Point Formation indicate a
Middle Pleistocene age for these units. Uranium/thorium ages of flowstones from the
Lagoon boat ramp (-190 ka) and Searles Point (-205 - >350 ka) provide reliable
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indicators of the Middle Pleistocene age of these outcrops of the Searles Point Formation.
The results support the lithostratigraphic interpretations presented in Chapter 3 that these
units represent a long period of Quaternary history as they sit stratigraphically below the
Last Interglacial beach unit at N e d s Beach and contain well-developed clay-rich
palaeosols. T h e age data in this chapter also support the interpretations of the relative age
of these units compared to units of the Neds Beach Formation based on the diagenetic
maturity of samples examined in Chapter 4. In Chapter 6, Placostylus and aeolianite
samples from the Searles Point Formation will be dated by the A A R method as a means of
further refining and extending the chronology of the aeolianite.
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Chapter 6: Aminostratigraphy of the aeolianite

6.1 Introduction
In this chapter the results of amino acid racemisation ( A A R ) dating of terrestrial and marine
molluscs and aeolianite samples from Lord H o w e Island are critically assessed. A s
discussed in Chapter 5, snails collected from protosol units on the island have ages that
appear beyond the range of the 1 4 C method, approximately 42,000 yrs B P in this study. In
contrast, in the latitudinal setting of Lord H o w e Island the A A R method has an age range
that extends well into the Middle Pleistocene (Murray-Wallace, 1995). A A R dating is a
well-proven method of establishing relative ages between fossiliferous units and, where
radiometric calibration is available, numerical age estimates (Rutter et al, 1985; Miller and
Brigham-Grette, 1989; Murray-Wallace, 1995; Rutter and Blackwell, 1995). In this
chapter, therefore, A A R is applied to Placostylus samples collected from protosol
exposures in the Neds Beach Formation that appear beyond the range of the 1 4 C method.
Several Placostylus samples collected from palaeosols of the Searles Point Formation,
stratigraphically below the fossiliferous protosol exposures, are also analysed.

In this chapter the AAR method is also applied to samples of skeletal carbonate grains f
the dune and beach units in the aeolianite on Lord H o w e Island. These samples are referred
to as "whole-rock" samples. The biogenic carbonate grains analysed are the predominant
constituent of the deposits and the "whole-rock" data indicate the age of the carbonate. The
granular composition and diagenetic features of the aeolianite identified in Chapter 4 are
also employed in this chapter to provide insights into the suitability of the various units to
the "whole-rock" method. In the "whole-rock" dating program, the analysis of multiple
samples from numerous units is undertaken as a means of providing geochronological
correlations between the successions that were identified in Chapter 3.
The reliability of the AAR results presented in this chapter are assessed both
geochemically, through an analysis of the racemisation data, and by checking the
stratigraphic consistency of the results. The A A R data are also compared with the T L and
U/Th ages of palaeosol and dune units presented in Chapter 5. The A A R Placostylus and
"whole-rock" data reported in this chapter form an important component of the
chronostratigraphy of the aeolianite that is proposed in Chapter 7.
In the following sections of this chapter, the AAR reaction and the parameters that
influence racemisation rates in natural systems are examined. A summary of the
applications of A A R dating is also presented. Several studies that have applied A A R dating
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to terrestrial molluscs and "whole-rock" samples, of particular relevance to this study, are
briefly reviewed. Also examined are the implications of the residence time of coastal
sediments prior to their incorporation into aeolianite units for "whole-rock" A A R age
estimates. The results of A A R analyses of terrestrial snails, marine molluscs and "wholerock" samples from Lord H o w e Island are then presented and critically assessed. The
aminostratigraphic relationships evident in the Placostylus and "whole-rock" A A R data are
examined in detail. Preliminary numerical age estimates based on the "whole-rock" data are
proposed.

All samples were analysed by the author in the AAR Dating Laboratory in the School of
Geosciences at the University of Wollongong. Summaries only of the preparation and
analytical procedures employed in the study are presented below. Full descriptions of the
analytical methods are provided in Appendix 4.

6.2 Amino acid racemisation dating and the AAR reaction
Amino acid racemisation ( A A R ) is a chemical dating method which measures the relative
abundance of the isomeric forms of amino acids preserved in a wide range of organic
materials. The relationship between A A R and fossil age was first revealed by Abelson
(1954). However, it was not routinely applied to geochronological studies until the rapid
advances in Gas Chromatography ( G C ) and High Pressure Liquid Chromatography
( H P L C ) in the early 1970's (Rutter et al, 1985; Rutter and Blackwell, 1995). Material that
can be successfully dated includes marine and terrestrial molluscs, ratite shell, wood, teeth,
soil organics, and biogenic carbonate grains in beach and dune deposits ("whole-rock"
samples). M a n y major reviews of the method and its application have been published (e.g.
Schroeder and Bada, 1976; Williams and Smith, 1977; Wehmiller, 1982, 1984; Rutter et
al, 1985; Miller and Brigham-Grette, 1989; Geyh and Schleicher, 1990; Murray-Wallace,
1993, 1995; Rutter and Blackwell 1995).

The AAR reaction
Enantiomeric amino acids m a y adopt either of two isomeric forms k n o w n as the L or D
configuration. They change from the L- to the D-configuration during an interconversion
reaction termed racemisation, which generally occurs after death (exceptions include teeth
and eye lenses in which racemisation occurs during life). Calculation of the rate of the
diagenetic racemisation of amino acids within fossils allows the time since death to be
assessed.

Organic material that is amenable to the AAR dating method contains structural proteins.
Peptide chains in these proteins consist of low molecular weight amino acids that are
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represented by stable, crystalline compounds. These amino acids form a tetrahedral
structure around a central (chiral) carbon atom. Attached to the carbon centre is a carboxyl
acid, an amino group, a hydrogen atom and a hydrocarbon (Fig. 6.1; Rutter et al, 1985).

The asymmetric form of the amino acid molecule permits two mirror image configurations
or enantiomers (optical isomers) of the molecule to form. The L- (levo) enantiomer rotates
plane polarised light to the left, while the D- (dextro) enantiomer rotates light in the
opposite direction (Schroeder and Bada, 1976). Living organisms contain only amino
acids in the L- configuration, which is probably maintained by the production of specific
enzymes that inhibit the D-isomer forming during life (Williams and Smith, 1977). After
death, amino acids reversibly convert to the D- configuration until an equilibrium state is
attained (i.e. D/L = 1) for enantiomeric amino acids. This time-dependent, reversible
reaction is a function of several environmental parameters the most important of which is
diagenetic temperature history. T w o amino acids (isoleucine and threonine) m a y potentially
undergo a change in configuration around one of two chiral carbon atoms, and therefore
exist as a mirror or non-mirror image set during diagenesis (Fig. 6.2). This process is
termed epimerisation, with equilibrium reached at a D/L ratio of approximately 1.3 (Rutter
etal, 1985).
Differences in the rate of racemisation between different amino acids have been shown to
be a function of the molecular structure of the amino acid (Fig. 6.1) and the site of the
amino acid in the protein chain. At neutral p H , the fastest rates of racemisation occur in
amino acids which have R groups which are highly electron withdrawing (e.g. serine)
while those which have substituents that are electron donating (e.g. valine) have the
slowest rates (Bada, 1985).
Racemisation has been described as a reversible first order reaction which may be
expressed as:
Ki

L -amino acid <=> D -amino acid

Eqn. 6.1

Ki

where Ki is the first order forward rate constant and Kt is the reverse rate constant fo
interconversion of the amino acid enantiomer. This reaction is described by the following
kinetic equation:
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C: chiral carbon atom
H: hydrogen atom
Y: carboxylic acid group (-COOH, 6*=2.08 — COO-, 6*= -1.06)
Rim- C
X: amino group (-NH3) 6*=3.76 — -NH 2 , 6*=0.62)
/CH3
R: hydrocarbon group (-CH2-COOH, 6*=1.05 - CHT
, 6*= 0.19)
CH 3
The Y and X groups are in the same plane as the page, the R group projects behind this plane,
the -H in

I

front of it. The range of relative racemisation rates (O*) produced with different substituents in the X, Y
and R groups are shown in parentheses (after Bada, 1985; Rutter et al, 1985).
Figure 6.1: A three dimensional model of the generalised structure of amino acids in which
the central tetrahedral carbon atom is attached to four different atoms or atom groups.

b)

a)

epimerisation
path in natural
systems

COOH

COOH
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H2N—C—H

H—C-NH2

I
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CH3—C—H

I
CH3
L - valine

H—C-H3C

I
CH 3
D - valine

COOH
H2N-

I

H—C—NH2

I
H3C—C—H

H-C—CH3

I
C2H5
L - isoleucine

COOH

equilibrium D/L ratios:
valine = 1.0
alloisoleucine/isoleucine - 1.3

COOH

C2H5
D-isoleucine

COOH

H2N-

NH2

H—C—H3C

I
C2H5
L - alloisoleucine

CH3;—C—H

I
C2H5
D - alloisoleucine

a) Stereoisomers of valine are produced by the rotation of the amino and hydrocarbon group during
racemisation when there is a conversion of the L form to the D form, b) Isoleucine has two centres of
asymmetry. During racemisation there is a rotation through one centre to form D-isoleucine and during
epimerisation a rotation around the other to form D-alloisoleucine. The D-alloisoleucine/L-isoleucine
reaction occurs in fossils and is measured in geochronological studies where it is referred to as the A/I ratio.
Figure 6.2: Isomeric forms of valine and isoleucine.
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in which (D/L) is the amino acid enantiomeric ratio at time t and K' = K{ / K\ = l/
(Bada, 1985, p.399). Enantiomers have A"eq = 1.0 as K; = «:',, however, for
diastereoisomeric amino acids Keq is approximately 1.3, as discussed above (Fig. 2).
Usually, initial D/L ratios as measured in modern material are not exactly 0 as some slight
racemisation occurs during protein hydrolysis (Hunt, 1985, p.378). This value is typically
equal to a D/L ratio of < 0.02 for valine (Murray-Wallace and Kimber, 1987,1988).

Racemisation rates vary for each amino acid (racemisation rate equals 2Kt). As a re
racemisation "half-lives" (the time required for a enantiomers to reach a D/L ratio of 0.33)
can vary considerably between the different amino acids. For example, based on laboratory
experiments (heating subsamples of a solution containing a mix of amino acids at high
temperatures for set time intervals), at p H 7.6 and a temperature of 25°C, the "half-life" of
aspartic acid was calculated to be approximately 3,500 yrs, for alanine 12,000 yrs and for
isoleucine 40,000 yrs (Bada, 1985, p.400). The temperature dependence of the
racemisation reaction is also reflected in the time required to reach equilibrium (racemic
condition). For example, based on laboratory experiments, it was calculated isoleucine
would reach equilibrium (D/L = 1.3) in 220,000 yrs at 20°C while at 15°C it would require
580,000 yrs (Bada, 1972). These laboratory-derived reaction rates, although higher than
rates in natural systems (Rutter and Blackwell, 1995), provide insights into the systematics
of the racemisation reaction for the various amino acids and reveal its suitability for dating
within the Quaternary time-scale.
6.2.1 Racemisation rates in proteins, polypeptides and free amino acids
The rate of racemisation as measured in the total acid hydrolysate (protein-, peptide-bound
and free amino acids) changes with time, from an initial rapid rate to a significantly slower
rate. This major change in racemisation rate is related to natural hydrolysis which
determines the relative percentage of amino acids present in the peptides relative to free
amino acids. With time, the percentage of amino acids bound in long, and especially short,
chain peptides decreases due to hydrolytic breakdown. This breakdown results in an
increase in lower molecular weight peptides and free amino acids which significantly
reduce the observed racemisation rate in the total acid hydrolysate (Fig. 6.3; Kriausakul
and Mitterer, 1980; Kimber and Griffin, 1987).
The various structural configurations of proteins create unique internal chemical
environments which influence the racemisation rate of amino acids. Within a particular
protein, the rate of racemisation of a given amino acid is related to its position in either the
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C- or N - terminal or interior position (Mitterer and Kriausakul, 1984). With protein
diagenesis, racemisation rates change: peptides shorten as links are broken by hydrolysis
and in short-peptide chains in fossils, diketopiperazines m a y form (cyclopeptides, formed
when free C O O H and free alpha N H 2 groups of a dipeptide join). In diketopiperazines
racemisation is enhanced, being faster than in C-terminal, interior and free amino acids
(Mitterer and Kriausakul, 1984). Experiments have shown that in peptides and proteins at
neutral p H , the racemisation rates of a number of amino acids in these particular positions
are ~ 2 - 4 times those of the corresponding free amino acids (Bada, 1985). With protein
decay there is an increasingly complex mix of peptide forms produced and these processes
reduce the molecular weight of peptides which increases their solubility (Fig. 6.3).
Therefore, this relatively highly racemised fraction is more readily lost from fossil material.
With time, the original amino acids degrade into simpler amino acids or organic
compounds (Rutter and Blackwell, 1995; Bada, 1985).

rapid
racemisation

slow
racemisation
Dipeptides

Total amino acid content

Long chain peptides
Short chain peptides
Free amino acids

Mollusc racemisation
kinetics

Time

Figure 6.3: The effect of diagenesis on proteins in fossils. The relative proportions of
peptides and amino acids in fossils change with time, influencing the overall racemisation
rate (modified from Rutter and Blackwell, 1995). Superimposed on this plot is the reaction
kinetics of amino acid racemisation in molluscs, the curve showing an apparent parabolic
increase in the extent of racemisation with time (Mitterer and Kriausakul, 1989; MurrayWallace and Kimber, 1993).
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Racemisation rates are also greatly influenced by p H and metal ion chelation. While
racemisation rates depend critically on p H in laboratory studies, in natural environments in
which fossils are preserved, where temperatures range from 0 - 25 °C and p H ranges from
6 - 9, the racemisation rate of free amino acids is essentially independent of p H (Bada,
1985). In laboratory experiments, it has also been found that the most dramatic effect on
racemisation rates was produced by the presence of metal ions in alkaline amino acid
solutions (Bada, 1985), and ions such as C u 2 + , Fe 3 + , Al 3 + , M g 2 + , Z n 2 + and C o 2 + , which
may be abundant in groundwater, are able to catalyse racemisation (Rutter and Blackwell,
1995). Although this has not been examined at neutral p H , it is likely that the presence of
metal ions in groundwater could influence the rate of racemisation. However, in carbonate
fossil the C a C 0 3 matrix acts as a buffer to metal ion chelation.
6.2.2 Racemisation of amino acids in carbonate fossils
Proteins or polypeptides comprise about 0.02% of carbonate shells of invertebrate
organisms (Miller and Brigham-Grette, 1989). These structural proteins form templates of
thin membranes around which calcium carbonate is crystallised, surrounding these organic
layers and isolating them from biological degradation. The membranes are composed of up
to 20 amino acids, the relative abundance of each amino acid varying between taxonomic
groups such as genus. M e m b r a n e composition also varies within shells, subsequently
producing differing rates of racemisation for different structural segments. However, this
has been shown to be constant for the same structural section of individual shells from the
same taxa (Murray-Wallace and Kimber, 1987; Miller and Brigham-Grette, 1989; Sykes et
al, 1996).
After death, proteins in shells undergo a number of diagenetic reactions resulting in a
proportion of high molecular weight protein breaking into polypeptide chains and a
proportion of peptides undergoing hydrolysis and releasing amino acids (Fig. 6.3).
Therefore, D/L ratios of the total acid hydrolysate represent the integral of the extent of
racemisation of free amino acids and amino acids at various positions in peptide residues of
contrasting molecular weight. Over time, as described above, the proportion of amino
acids at each of these sites changes. This complex set of diagenetic processes is
responsible for the non-linearity in the racemisation rate observed in natural systems (Fig.
6.3; Kriausakul and Mitterer, 1978; Wehmiller, 1984).
During diagenesis, the loss of radicals from the chiral carbon atom in some amino acids
may convert them into a simpler amino acid (e.g. in some circumstances, alanine m a y be
produced with the decomposition of complex amino acids) and others into non amino acid
molecules. A m i n o acids routinely analysed in geochronological studies include aspartic
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acid, phenylalanine, alanine, glutamic acid, leucine, isoleucine, valine and proline (Geyh
and Schleicher, 1990; Miller and Brigham-Grette, 1989).
6.2.3 Factors influencing racemisation rates of amino acids in sedimentary
environments
Different amino acids in marine molluscs racemise at different rates. Generally, the order
of racemisation rates for amino acids of geochronological interest m a y be given as:
aspartic acid »

alanine > glutamic acid > isoleucine > alloisoleucine, leucine > valine

(Geyh and Schliescher, 1990; Rutter et al, 1985; Murray-Wallace and Kimber, 1993).
However, variations on this sequence have been described for teeth, antler and bone and
the relative rates of racemisation listed for molluscs from North America, proline >
phenylalanine > leucine > glutamic acid > valine, is quite different to the relative rates
measured in molluscs from southern Australia (Murray-Wallace and Kimber, 1993; Rutter
and Blackwell, 1995), reflecting taxonomic variations (discussed below). Predominantly,
the faster racemising amino acids are aspartic acid and alanine while valine is generally the
slowest. Also, as relative racemisation rates are consistent within genera, where a suite of
amino acids are measured by G C the consistency of these rates is a useful check on the
integrity of samples (Milnes et al, 1987).
After death, the environmental conditions experienced in depositional settings may have
significant influence on the rate of racemisation in fossils. At least four factors influence
amino acid racemisation in sedimentary environments: 1) diagenetic temperature history, 2)
moisture content, 3) genus-effect, and 4) sediment radiation flux.
1) Diagenetic temperature history: racemisation rate is an exponential function of
temperature, such that the racemisation rate of leucine will increase by approximately 1 8 %
per 1°C rise in temperature (Wehmiller, 1982). This is especially significant to sedimentary
deposits as the depth of burial of a fossil will influence its diagenetic temperature history.
Field experiments have shown that the effective diagenetic temperature will closely
approximate the current m e a n annual temperature ( C M A T ) at depths of 1 m or greater
(Miller and Brigham-Grette, 1989).

Well buried (>1 m) samples from the same stratigraphic unit are likely to have experienc
the same diagenetic temperature history and numerous studies have found such samples
return mean D/L ratios with low (10 - 1 2 % ) covariance (Miller and Brigham-Grette, 1989;
Murray-Wallace, 1995). Therefore, fossils of the same taxa from the same latitudinal
region also exhibit similar D/L ratios (Murray-Wallace and Kimber, 1987; MurrayWallace, 1995). The relationship between burial temperature and racemisation rate can
been used to calculate palaeotemperatures (Miller and Brigham-Grette, 1989; Miller et al,
1997).
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2) Moisture Content and state of preservation: highly racemised free amino acids
m a y be easily leached and water m a y affect the rate of racemisation (Rutter et al, 1985).
Just as fluctuations in water content in a deposit can increase the rate of weathering
compared to environments which are constantly wet or dry, the moisture regime also
influences the rate and extent of amino acid racemisation (Murray-Wallace, 1993). Water is
required for peptide bond hydrolysis and excess water, in the form of soil moisture and
percolating groundwater, increases the rate of protein degradation while also mobilising the
lighter, more racemised fraction, leading to significantly lower amino acid concentrations
and D/L ratios. The lower D/L ratios are due to the preferential loss of the more highly
racemised, lower molecular weight component.

The rate of leaching is related to the fossil structure and the permeability of the depo
Initially, leaching proceeds slowly in fossils due to their low porosity. However, this
period varies between months to thousands of years depending on the fossil mineralogy,
structure and state of preservation at burial and the permeability of the surrounding
sediments. Leached samples are more likely to be encountered in deposits that have
experienced significant changes in moisture regime due to the loss of low molecular weight
material that is characterised by a high extent of racemisation (Wehmiller, 1984). These
samples are often identified by a chalky appearance and usually return highly variable
"within unit" D/L ratios or relatively low D/L ratios (Murray-Wallace, 1993). Therefore,
with careful sample selection this problem can be avoided. Laboratory tests for leaching
involve measurements of secondary mineralisation and the free amino acid fractions (lost
during leaching). Analysis of racemisation by G C provides a suite of amino acid D/L
ratios, permitting a useful check on the reliability of samples - the D/L ratios of amino acids
are strongly covariant and aberrant results m a y be clearly identified on scatter plots of the
D/L ratios of two amino acids (Rutter and Blackwell, 1995).
3) Genus Effect: the structure of the organism from which the amino acids
originate, creates differences in racemisation rates between shell genera. This phenomenon
has been described from studies in the United States (Wehmiller, 1984), Europe (Geyh
and Schleicher, 1990) and southern Australia (Murray-Wallace and Kimber, 1987). This
effect leads to large intergenus variations in D/L ratios: mean D/L ratios for each amino acid
measured for different genera from the same geological unit m a y have coefficients of
variation ( C V ) of up to approximately 3 0 % (Murray-Wallace, 1995). However, intragenus
variations are far lower, and in southeastern Australia the mean D/L ratios of a range of
amino acids in samples of several genera of marine molluscs of Last Interglacial age
(oxygen isotope substage 5e) typically have C V s of approximately 1 2 % (Murray-Wallace,
1995).
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4) Sediment

Radiation Flux: racemisation and protein hydrolysis rates are

influenced by radiation, and high concentrations of radionuclides within a deposit could
increase the rates of racemisation (Rutter and Blackwell, 1995). However, in coastal
carbonate deposits the concentrations of radionuclides has been found to approximate the
relatively very low values of seawater, for example, sediments from the Coorong coastal
plain, South Australia (Huntley et al, 1993), and Lord H o w e Island (Woodroffe et al,
1995).
This discussion has shown that while there are numerous parameters that may potentially
influence racemisation in natural systems, with careful sampling and laboratory analyses,
many of these parameters can be taken into account and reliable racemisation data obtained.

6.3 Applications of AAR analysis
A A R analysis has been used for relative and numerical dating (often incorrectly termed
absolute dating; Colman, 1987), for validating radiometric ages of fossils and for deriving
palaeo-temperature histories.

6.3.1 Relative dating
D/L ratios of fossils of the same genus from separate locations within a region that has
experienced similar temperature histories during the Quaternary have been used to correlate
geological deposits. This has been reported in the United States (Wehmillar, 1984),
Europe (numerous studies are listed in G e y h and Schleicher, 1990) and southern Australia
(Murray-Wallace, 1995). D/L ratios are used to correlate between disjunct fossiliferous
strata and to develop a regional relative chronostratigraphy, c o m m o n l y termed
aminostratigraphy, with subdivisions described as aminozones (chronostratigraphic units).
This application of A A R data reduces the assumptions of the thermal history of sediments
and the mechanisms and kinetics of racemisation and is, therefore, the least ambiguous
application of amino acid geochronology (Miller and Hare, 1980).

6.3.2 Numerical dating
Numeric A A R dating involves either the uncalibrated or calibrated methods. The
uncalibrated method usually involves the determination of k by laboratory pyrolysis
experiments while in the calibrated method k is calculated with a radiometrically-dated
sample.
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AAR dating by calculating the racemisation rate constant
A m i n o acid D/L ratios m a y be used to calculate numerical ages of fossils in which
racemisation followsfirst-orderlinear kinetics (e.g. relatively young fossil molluscs with
an age < oxygen isotope stage 2 in southern Australia, Murray-Wallace and Kimber, 1989)
when the racemisation rate constant and diagenetic temperature are known. This is shown
in the following equation,

!-f 2kt
-\ = e~m
1+
L

eqn 6.4

which describes the relationship between the D/L ratio and the rate constant, k, where D/L
is the racemisation ratio, k is the rate constant and t is time. T o determine k the Arrhenius
equation is required:
k = Ae_(W)

eqn 6.5

where A is a constant, the frequency factor; E is the activation energy at temperature T = i;
R is Boltzman's constant; and / is the ambient temperature. If k can be determined from
high temperature kinetic data or by calibration from a radiometrically dated sample of the
same type and from the same deposit as the undated sample, the age of the sample can be
calculated from the D/L ratios (Rutter and Blackwell, 1995).
High temperature kinetic experiments involve heating subsamples of an undated sample at
a range of high temperatures for set time intervals. The age of the sample can be estimated
by the integrated rate expression and the Arrhenius equation (eqn. 6.5) if the racemisation
rate, heating temperature and activation energy, and the frequency factor are known. In this
method it is assumed that amino acids obey first-order kinetic behaviour at low
temperatures, that p H has not influenced racemisation significantly, that the Arrhenius
derivations can be extrapolated linearly to lower temperatures and that the ambient
temperature selected in the age calculation accurately represents the diagenetic temperature
of the fossil. Obviously these assumptions can lead to errors in the calculated age,
especially as the m e a n value selected for the diagenetic temperature will not model the
probable integrated Quaternary temperatures at a site (Rutter and Blackwell, 1995).

Radiometrically-calibrated AAR dating
Using radiometrically-dated shells from the same deposit for calibration of amino acid data,
shells from a range of latitudinal settings have been successfully dated based on the extent
of amino acid racemisation. A s the age of the shell is known, the rate constant, k, can be
determined from eqn. 4. The age of other samples from the deposit can be calculated with
this equation using k and the measured D/L ratios. Precision of up to - 2 % for Holocene
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shell and from 2 - 1 0 % for Late Pleistocene samples has been obtained (Geyh and
Schleicher, 1990).

Most AAR ages have been calculated using racemisation kinetic models which describe a
non-linear relationship between the extent of racemisation and time, as evidenced by Useries dated Quaternary sequences (Wehmillar, 1984). M o r e recently, the apparent
parabolic kinetic model of Mitterer and Kriausakul (1989) has been shown to provide
accurate age calculations (Hearty et al, 1992; Hearty and Vacher, 1994). A A R mollusc
data of fossils up to 225 ka from southern Australia have been shown to describe a
parabolic model, but older fossils with an age of 1.6 M a did not fit the parabolic model
(Murray-Wallace and Kimber, 1993).
Using the parabolic model, numeric ages may be derived as:
t = [(D/Ls)/Mc]

2

eqn 6.6

where t is the calculated age, (D/Ls) is the extent of racemisation in the undated fos
Mc is the racemisation rate constant that is defined by the slope of the line described as:
=(D/L)lt* eqn 6.7

Age calculations in this study use the apparent parabolic kinetic model (Mitterer and
Kriausakul, 1989).
6.3.3 Radiometric age and stratigraphic check
A A R dating is also useful for indicating fossil age for a significant period of the
Quaternary, the m a x i m u m range depending on diagenetic temperature, and has been used
as a check on 1 4 C and U/Th ages close to the practical limits of these methods (MurrayWallace and Belperio, 1991; Murray-Wallace et al, 1993). Amino acid dating has also been
successfully applied to mollusc samples too young to be accurately dated by 1 4 C methods
(<300 years) using aspartic acid D/L ratios (Goodfriend, 1992 ).
AAR dating has also been used to determine if samples have been reworked, indicated by
poor replication or inconsistent 'within unit' D/L ratios, similar to samples from
stratigraphically lower units. This checks radiometrically derived ages and defines
stratigraphic consistency or breaks (Wehmiller, 1984; Murray-Wallace et al, 1993).
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Site temperature histories
The extent of racemisation is a function of site temperature history and thus m a y be used to
assess palaeotemperatures. This relationship has been described by Geyh and Schleicher
(1990) as problematic and having limited success for Europe (due to glaciation), but was
shown to apply successfully to southern Australia (Murray-Wallace and Kimber, 1988;
Murray-Wallace, 1995), especially with the recognition of samples that have experienced
surface exposure. Recently, this method was used to calculate temperatures over the past
45 ka for central Australia using 1 4 C dated e m u eggshell; changes in the racemisation rates
of the shell samples for which

14

C ages had been obtained indicated site temperatures

between 45 -16 ka were at least 9°C lower than after 16 ka (Miller et al, 1997).

6.4 Advantages of AAR dating
The major advantage of A A R dating is that its limits extend far beyond those of 1 4 C dating
(-50 ka) and it is applicable to a greater range of fossils than U-series dating. The range of
the method is defined by diagenetic temperatures; 200 ka for tropical locations (Hearty and
Aharon, 1988), -10 M a in arctic conditions (Wehmiller, 1982), and 600 ka in temperate
southern Australia, with a C M A T of 18°C (Murray-Wallace, 1993). Unlike the T L dating
method, A A R dating defines the age of the fossil, not the time of deposition.
AAR dating requires only small samples for analysis (0.2 to ~lg) compared to
conventional

14

C dating which requires up to -50 g of shell sample for analysis. This

small sample size increases the applicability of A A R dating and avoids the error inherent in
samples containing several individuals of potentially contrasting age, as m a y occur with
14

C dating. Analytical precision of A A R dating is high ( < 5 % error, Wehmillar, 1984;

Murray-Wallace and Kimber, 1987) and it can be a relatively rapid procedure using the
H P L C method.
The small sample mass required for AAR dating allows multiple sampling of the HC1 acid
residue of a conventional 1 4 C analysed sample (Murray-Wallace and Bourman, 1990;
Murray-Wallace et al, 1996). This double sampling is an efficient combination of the two
methods and represents a direct basis for calibration of the amino acid D/L ratios.

6.5 AAR dating of land snails
In this section, some of the major studies which have applied A A R dating to land snails are
explored with a view to showing the utility of the dating of these fossils to
geochronological studies. These studies provide a useful research background for the
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assessment of the results of analyses of racemisation in fossil land snails from Lord H o w e
Island.

6.5.1 Previous applications of AAR geochronology to land snails
A m i n o acid racemisation measurements of land snails provide important chronological
markers in stratigraphic sequences from a wide range of environmental settings (Rutter and
Blackwell, 1995). In chronostratigraphic investigations in France, Britain and North
America racemisation has been successfully measured in a number of species. More
significant to this study are the investigations of racemisation in snails recovered from
palaeosols within aeolianite on Bermuda (Harmon et al, 1983; Hearty et al, 1992; Hearty
and Vacher, 1994) and in the Bahamas (Hearty and Kindler, 1994; Hearty, 1997), in
similar depositional settings to those found on Lord H o w e Island. Therefore, this section
focuses on the methods and results from these aeolianite islands and only briefly
summarises the continental studies.
The aminostratigraphy of fossil land snails in Bermuda, in conjunction with marine
mollusc and whole-rock aminostratigraphy, has extended and provided greater resolution
of the Quaternary history of these islands (Harmon et al, 1983; Hearty et al, 1992; Hearty
and Vacher, 1994). Poecilozonites sp. fossils returned reliable A/I ratios for all units
sampled, in stratigraphic order and in agreement with the subdivisions identified by
geological mapping. The results were supported by radiometric age determinations, with
snails from units emplaced during the last four Inter/glacials exhibiting significantly
different m e a n A/I ratios (Table 6.1). However, it was found that more scatter and overlap
between aminozones occurs in Poecilozonites data than marine mollusc data, probably
reflecting the greater age range in the palaeosols and protosols compared to that of the
marine deposits (Hearty et al, 1992). Nonetheless, these data clearly cluster into
aminozones that were also defined by "whole-rock" and marine mollusc A/I ratios (Table
6.1; Hearty etal, 1992).
Land snail amino acid epimerisation studies in the Bahaman Islands have shown the
pulmonate Cerion (quite similar in size and morphology to Placostylus of Lord H o w e
Island) to provide reliable A/I ratios for stratigraphic units at an intra and inter-island scale
(Hearty and Kindler, 1993; Hearty, 1997). The Cerion A/I ratios are in the correct
stratigraphic order at all sites sampled, are in agreement with radiometric age
determinations, and show good agreement between sites and for equivalent units on
different islands (Table 6.2). The Cerion data clearly indicate Last Interglacial deposits results from Eleuthera Island and N e w Providence Island appear to discriminate discrete
soil-forming periods within oxygen isotope substage 5e. O n San Salvador Island, periods
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of protosol formation within the Holocene can also be differentiated on the basis of Cerion
mean A/I ratios (Table 6.2; Hearty and Kindler, 1993; Hearty, 1997).

In southern Britain, additional depositional phases in the terrestrial sequences of Middl
Late Pleistocene age were identified based on the A/I ratios of land snails (indirectly
calibrated with U-series, T L and E S R ages of associated deposits) from a number of
localities (Table 6.3; B o w e n et al, 1989). In northwest France, in the Lower and Middle
Seine Valley, A/I measurements of snails from terrace sequences permitted regional
aminostratigraphies to be constructed and calibrated with radiometric ages (U series, T L
and E S R dates of associated deposits, Bates, 1993). Aminozones range in age from
oxygen isotope stage 3 to stages 19 - 20 (Table 6.3).

A study of fossil land snails in the Northern Negev region of Israel by Goodfriend (1987)
found that even brief surface exposures could produce significant differences in the A/I
ratios of Trochoidea seetzeni. Samples from facies interpreted to indicate little or no surface
exposure had a better correlation (r = 0.94) with m e a n

14

C ages (20 - 50 snails) than

samples interpreted to have experienced short periods of exposure and heating (r = 0.74,
Goodfriend, 1987). Isoleucine epimerisation rates for Jamaican land snails are also
strongly influenced by diagenetic temperatures (Goodfriend and Mitterer, 1988) and
exhibit rates of epimerisation which contrast with different genera from Israel and Texas
(Table 6.4).

In a study of racemisation in Holocene snails recovered from archaeological sites in centr
Texas, good correlations were found between A/I ratios and 1 4 C ages (r = 0.95) that range
from 445 - 5000 yrs B P (Ellis et al., 1996), indicating reliable racemisation data.
Isoleucine was calculated to have been racemising at a rate of 1 % per 370 yrs over the last
5000 yrs and numerical A/I age estimates have an error of approximately 1 5 % (Table 6.4;
Ellis etal., 1996).

Table 6.1 Mean A/I ratios of the land snail Poecilozonites from the lithostratigraphic
formations of Bermuda (data from Harmon et al, 1983; Hearty et al., 1992; Hearty & Vacher, 1994)

Formation
Southampton

Aminozone

Age

0.40 ±0.04 (36)

C

87-110 (ESR1)
2

5c-5a

Rocky Bay

0.49 ±0.03 (36)

E

120 (U/Th )

5e

Belmont

0.61 ±0.05 (10)

F

170 - 230 (ESR)

7

Upper Town Hill

0.78 ±0.04 (11)

G

373 (ESR)

Lower Town Hill

0.91 ±0.03 (9)

H

490 (ESR)

9
11

Electron Spin Resonance age of whole-rock samples
Th age of coral

2 230

Oxygen
isotope sta

Mean A/I (n)
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Table 6.2: Land snail (Cerion) amino acid data for three Bahaman Islands (data from
Hearty and Kindler, 1994, and Hearty, 1997).
Island
Eleuthera Is.

N e w Providence Is

M e a n A/I (n)

protosol below
megaboulder deposit

0.720 ±0.029
(4)

-115'

Late 5e

protosol below
chevron ridges

0.785 ±0.014

-125'

Mid5e

protosol below
megaboulders

0.729 ±0.022
(4)
0.745 ±0.016
(5)
0.748 ±0.032
(4)
0.806 ±0.047

-115'

Late 5e

-125'

Mid5e

~135,0002

Early 5e

~135,0002

Early 5e

(7)

protosol below
megaboulders
Lyford Cay Section,
French Bay Member
Upper unit, Hunt's
Cave Quarry, French
Bay Member
San Salvador Is.

A g e of unit

Oxygen
isotope stage

Stratigraphic unit

(7)
0.751 ±0.013

(3)
0.748 ±0.032

(4)

modem
Hanna Bay M b

0.033
0.110 ±0.042
(2)
0.249 ±0.012
(3)
0.688 ±0.034

North Point M b

3,200 (14C)

1

5,300 (14C)

1

Watlings Quarry,
135,000
early 5e
Grotto Beach F m
(AAR)
(3)
(French Bay M b )
Vge estimate based on the Bahaman stage 5 sea level curve (Neuman and Hearty, 1996)
2
Age of equivalent unit on San Salvador Island

Table 6.3: Land snail aminostratigraphy of southern Britain and Northwestern France (data
from Bates, 1993; Bowen et al, 1989)
British type
sites and
standard
stratotypes

Mean
standardised
A/I ratio

Hailing, Kent

0.036

Upton Warren

0.066

Ipswichian

0.09

Stanton Harcourt

0.16

Hoxnian

0.26

Swanscombe &
Ingress Vale

0.3

Cromerian

0.348

Waverley W o o d

0.381

Northwestern
France
aminozone

Mean
standardised
A/I*

Oxygen isotope
stage

1

0.051

2
3
4

0.114

2
3
5a
5e

0.167

late 7 - early 6

0.201

7,8,9

0.249

9,10,11

0.343

late 12, 13, 14, 15

5
6
7

0.432
"mean standardised A/I ratios for six species of land snails and one bivalve

19,20
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Table 6.4: A comparison of mean D/L ratios and 14C ages of land snailsfromwell -buried
deposits in Jamaica (Goodfriend and Mitterer, 1988), Israel (Goodfriend, 1987) and Texas
(Ellis et al, 1996) showing major variations in the rate of epimerisation between genera
and with different CMATs.

location

Land snail

CMAT (°C)

M

14

C age

25.4
Pleurodonte
0.51
30400
lucema
Jamaica
Pleurodonte
0.25
30100
22.5 (21.5*)
lucema
Jamaica
0.16
Pleurodonte
22.5 (21.5*)
13400
lucema
Texas
Rabdatous
0.15
6000
19
mooreanus
Israel
Trochoedea
17.9 - 18.7
0.26
5 - 6000
seetzeni
Israel
Trochoedea
17.9 - 18.7
<0.01
modem
seetzeni
•measured temperature of deposit, C M A T data from weather station, 4 0 0 m lower than the deposit
Jamaica

The studies discussed above have shown the reliability of AAR data for several species
land snail and its usefulness in geochronological studies. Significantly, these studies have
been undertaken in a variety of environments which are k n o w n to have experienced a wide
range of diagenetic temperature histories. A s noted in these studies, the analysis of amino
acid empimerisation in land snail shells requires careful sampling and pretreatment
practices. Failure to adhere to these practices has produced unreliable data (Hearty and
Kindler, 1994).

The relatively thin shells of most continental land snails often have lower concentrati
amino acids than marine molluscs and therefore require a relatively large sample (Bowen et
al., 1989). In contrast, relatively thick snail shells are found in the carbonate environments
of the Bahamas and Lord H o w e Island. Land snails m a y exhibit a 1 4 C reservoir effect
when they have ingested old carbonate from bedrock, inducing overestimation of the true
age of a shell by up to 3000 yrs (Ruben, 1963; Goodfriend, 1992; discussed in Chapter
5). A n awareness of this possible error in 1 4 C age is especially pertinent to the calibration
of amino acid data and a correction m a y be calculated after measurement of the pre-1950
AD

14

C activity in shells from the same provenance (Goodfriend, 1992).

6.5.2 The pulmonate land snail Placostylus bivaricosus of Lord Howe
Island
In several of the protosol and palaeosol exposures in outcrops of aeolianite on Lord H o w e
Island, Placostylus bivaricosus and Gudeoconcha sophiae, two species of land snails, are
often present. Placostylus bivaricosus is a large gastropod, up to 75 m m long, with a
relatively thick shell compared to the far smaller (up to 30 m m diameter) thin shell of
Gudeoconcha

(Fig. 5.1). A s it was suspected that the protosols and palaeosols m a y be
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considerably older than the limit of 1 4 C dating (section 5.6), A A R dating of these fossils
represents an important method of establishing a chronology for the aeolianite.

The ubiquitous distribution of sub-fossil Placostylus in aeolianite areas of Lord Howe
Island record its wide distribution prior to the arrival of rats. However, present refugia are
restricted to moist lowland settings (Mr J. Dorman, Lord H o w e Island M u s e u m , pers
comm., 1996). Placostylus are c o m m o n to rare in the protosol and palaeosol exposures
from which they were collected. At most fossil collection sites, less than 6 individuals
were recovered from a unit and not all samples were necessarily suitable for dating, some
being heavily weathered or degraded by algae and bacteria. Only well-preserved specimens
were selected for analysis. A s a result, for most units, only 2 - 5 individuals were
analysed. Gudeoconcha

is commonly found with Placostylus fossils but due to its size

and thin shell was considered far less suitable for amino acid dating, particularly for
individuals that fromfieldrelationships appeared to be of considerable age.

The aragonitic Placostylus shells exhibit a thick apertural lip, the most suitable secti
shell for A A R analysis. Extensive preparation of the Placostylus samples was required
prior to analysis to remove clay-rich palaeosols and cements and details of the methods
employed are provided in Appendix 3.

6.6 AAR dating of marine molluscs
Fossil marine molluscs are the samples most frequently dated by the A A R method.
Generally, well-preserved samples of several species have provided reliable A A R
chronologies for littoral deposits from numerous countries (Rutter and Blackwell, 1995).
In southern Australia, A A R analysis of marine molluscs has provided important
geochronological data for a variety of marine and estuarine deposits from a wide range of
geographical settings (Murray-Wallace, 1995). In this study, three marine mollusc samples
were analysed to provide insights into the age of beach deposits at Neds Beach and Lovers
Bay and a shallow-marine facies in a drill core from the Lagoon Jetty (LCI2). The
preparation of samples included removing the outer layer of shell and a weak acid etch to
remove any secondary carbonate; full details are provided in Appendix 3.

6.7 "Whole-rock" AAR dating
This section examines the relatively n e w application of the A A R method to fossil bioclastic
carbonate grainstone and sand, termed "whole-rock" samples. Methods are discussed and
several relevant chronostratigraphic studies are reviewed. This provides background to the
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results and discussion of "whole-rock" dating of aeolianite samples from Lord H o w e
Island presented later in the chapter.
6.7.1 The "whole-rock" method and its application in chronostratigraphic
studies
A n early investigation of amino acid racemisation in "whole-rock" samples of soil and
bioclastic calcarenite from southern Australia was reported in Milnes et al. (1987). This
study found that a suite of amino acids measured in these samples exhibited the correct
order of k n o w n relative racemisation rates and D/L ratios increased with depth d o w n the
soil profile, while below the soil, within the original dune sediment, D/L ratios remained
constant (Milnes et al., 1987). Another early study of the method was reported in Kimber
and Griffin (1988). In this investigation, a 140 ka tephra-loess-palaeosol sequence from
M a m a k u in N e w Zealand was sampled, with results showing an increase in amino acid
D/L ratios with depth consistent with 1 4 C and fission track ages (additional positive results
were subsequently reported in Kimber et al., 1994). These studies indicated the utility of
the method to the dating of successions which m a y be devoid of sediment suitable for
radiometric dating or beyond the range of the 1 4 C method, c o m m o n l y the case with
aeolianite deposits, or for comparing with other radiometric ages.
The chronostratigraphic work of Hearty et al. (1992) on various units in the aeolianite
B e r m u d a further revealed the utility of the "whole-rock" A A R

method as a

geochronological tool. In conjunction with radiometric dating of coral, the "whole-rock"
amino acid data provided chronological insights into the skeletal

marine and

aeolian deposits which were otherwise undateable. Hearty et al. (1992) contended that the
petrological and stratigraphical features of the Bermuda deposits supported the applicability
and reliability of the "whole-rock" method. "Whole-rock" A/I ratios were considered to
represent an "average" of the different racemisation rates of the constituent bioclastic grains
and were applicable to chronostratigraphic studies because the carbonate deposits contain a
balanced mix of fast, medium, and slow racemising allochems. The component of older
sediment (lithoclasts) that is incorporated into a deposit was considered insignificant as the
concentration of amino acids in these grains is very low and there is a rapid diagenetic loss
of aragonitic particles. T h e Bermuda aeolianites were mostly deposited as shoreline dune
barriers which record a positive sediment budget for the coast and therefore the aeolian
deposits should represent the age of shoreline sediment accumulation. Also, it was noted
that where marine deposits are not part of a barrier system a negative sediment budget is
likely and these deposits m a y contain a significant component of reworked grains (Hearty
et al, 1992). However, the proportion of sediment reworked will also be a function of the
intensity of wave erosion a particular section of coast experiences
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6.7.2 Coastal sedimentation; implications for A A R

"whole-rock" ages

Both the nature of shoreline sedimentation and the character of sediment subject to
reworking have implications for the utility of A A R "whole-rock" ages. A s noted by Hearty
et al. (1992) in relation to Bermuda, on an aeolianite coast where a positive sediment
budget occurs the carbonate incorporated into beach and dune systems is likely to have an
age that reflects the timing of the sea-level highstand. However, the residence time of
sediment in the nearshore environment m a y produce a significant offset between sediment
production and its incorporation into shoreline barriers. Sediment m a y reside in offshore
banks or inshore lagoonal sinks. For example, unconsolidated lagoonal sediments on Lord
H o w e Island predominantly have a 1 4 C age between approximately 6000 - 4000 yrs BP,
with only a veneer of modern sediment (Kennedy in prep.).

Carbonate sediment of considerable antiquity, although comprising amino acids which may
be racemic (D/L = 1; A/I = 1.3), likely have a very low concentration of amino acids (Fig.
6.3). Therefore, the influence of this relict sediment on the D/L ratios of deposits in which
it represents a minor, far older proportion m a y not be significant, although A A R "wholerock" studies of these deposits have not been published. The granular composition of these
types of deposits have been examined in southern Australia, where aeolianite on Kangaroo
Island, Yorke Peninsula and Eyre Peninsula includes Miocene foraminiferal grains derived
from reworked Miocene marine sediments (Milnes and Ludbrook, 1986). However, if the
reworked sediment incorporated into a beach or dune deposit still contains a large
proportion of its indigenous amino acids it m a y have a more pronounced effect on the
"whole-rock" D/L ratio of the deposit. This m a y occur on aeolianite coasts where a
significant proportion of sediment within a unit is derived from beach or dune deposits laid
down during the previous sea-level highstand. Examples of these types of carbonate beach
deposits in Quaternary outcrops have been examined on Bermuda (Meischner et al, 1995)
and on the Coorong coastal plain in southern Australia (Murray-Wallace et al, 1999b).
Examples of 'modern' tidal deposits comprising a significant proportion of Last
Interglacial foraminifea have been examined in Spencer Gulf and Gulf St Vincent in South
Australia (Murray-Wallace and Belperio, 1994). These heterogenous units indicate that
there m a y be significant variability in the relative proportion of reworked material in
different units within a single generation of shoreline deposits and therefore variability in
the "whole-rock" D/L ratios of samples of these units. This has implications for the
representativeness of individual "whole-rock" samples (0.2 - 1 g), indicating the need for
several measurements from different outcrops to define a meaningful mean D/L ratio for a
particular unit. A similar strategy is recommended for identifying aminozones within
outcrops based on the D/L ratios of macrofossils (Miller and Brigham-Grette, 1989; Rutter
and Blackwell, 1995).
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Outcrops sampled for "whole-rock" dating must have experienced a diagenetic temperature
representative of the deposit as a whole for meaningful D/L ratios to be obtained. This
implies the sediment has been well buried and has not experienced surficial exposure
which m a y result in heating and therefore aberrant racemisation rates (Rutter and
Blackwell, 1995). Exposure m a y also lead to degradation of amino acids due to variable
moisture regimes (Murray-Wallace, 1993). Despite these possible complexities in the
application of the "whole-rock" method, results obtained from the aeolianite islands of
Bermuda (Hearty et al, 1992; Hearty and Vacher, 1994) and the Bahamas (Hearty and
Kindler, 1993; Kindler and Hearty, 1996, 1997; Hearty, 1998) indicate that with careful
site selection, sampling and multiple analyses "whole-rock" A A R chronologies can provide
useful long records of major periods of coastal carbonate accretion. Although A A R dating
per se m a y lack the resolution of modern radiometric ( A M S and traditional 1 4 C ; high
precision alpha spectrometry and T I M S U/Th; E S R ) and luminescence (TL, O S L ) dating
methods (Rutter and Blackwell, 1995), the A A R "whole-rock" method has the potential to
identify discrete phases of shoreline sedimentation far beyond the range of these dating
methods (e.g. Hearty etal, 1992; Hearty and Kindler, 1993; Kindler and Hearty, 1996;
Hearty, 1998). The "whole-rock" method is also capable of assessing the age of biogenic
grains which are generally unsuitable for dating by other methods.
6.7.3 AAR "whole-rock" chronologies of Bermuda and the Bahamas
O n Bermuda, "whole-rock" D/L ratios showed good agreement with the lithostratigraphy
and with U/Th and E S R age determinations (Hearty et al, 1992). Combined with the A A R
dating of marine molluscs and land snails, the "whole-rock" D/L ratios, calibrated with Useries coral dates, enabled the identification of aeolian and marine depositional periods
during oxygen isotope stages 5a, 5c (aeolian), 5e, 7 early, 7 late (marine), 9, 11 and two
earlier aeolian stages around 700 ka and 880 ka (Hearty et al, 1992).
Importantly, the paper of Hearty et al. (1992) described the whole-rock AAR method as
applied to H P L C measurement of isoleucine epimerisation. The specific pretreatment steps
prior to H P L C analysis as undertaken by Hearty et al. (1992, pp. 473 - 474) involved the
disaggregation of calcarenite samples followed by sieving to obtain the 250 - 1000 |tim
fraction, acid etching of these grains to remove encrusting cements and organics, and the
concentration of amino acids using hydrofluoric acid, especially in older samples. A s in
other applications of the A A R dating method, "whole-rock" D/L ratios for a stratigraphic
unit should be based on multiple analyses. Hearty et al (1992) and Miller and BrighamGrette (1989) considered 5 analyses to be sufficient for the calculation of mean D/L ratios,
while Rutter and Blackwell (1995) suggest 10 analyses are necessary.
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The "whole-rock" results of Hearty et al. (1992) agreed with the stratigraphic mapping and
the other dating results: w h e n calibrated with U/Th ages of corals, the "whole-rock" data
extended the stratigraphy of the older aeolian and beach units back to at least 1 M a . Hearty
and Vacher (1994) further refined this Pleistocene record from B e r m u d a using A A R
"whole-rock" and land snail D/L ratios checked with E S R dates. They found the two
methods agree for 8 0 % of samples. A n e w aminozone, aminozone c, was defined with
Table 6.5: Mean A/I ratios of whole-rock aminozones on Bermuda (after Hearty et al,
1992; Hearty and Vacher, 1994)
Amino
zone

Facies sampled

Petrology of units
sampled

M e a n A/I ratio,
st. dev.
(no. of samples)

bioclastic
(dominantly skeletal)

0.23 ±0.02 (3)

c

aeolian and marine

e

aeolian and marine

it

it

fl

aeolian and marine

n

tt

f2

aeolian and marine

M

fl

g

aeolian

h

aeolian (poss. marine)

II

j

aeolian and marine

II

A m i n o acid age
estimates* &
correlations0 with
U/Th dated coral (ka)
85c

0.27 ±0.05 (32)

125c

0.39 ±0.03 (9)

190±20

0.49 ±0.04 (11)

265±30

0.56 ±0.01 (11)

325±20

II

0.69 ±0.01 (6)

430±15

II

0.92 ±0.03 (5)

>700

„ „

n
n
aeolian
>880
k
1.11 ±0.02 (3)
* calculated using the apparent parabolic kinetic model of Mitterer and Kriasakul (1989)
c
U/Th age of coral

Table 6.6: Whole-rock mean A/I ratios from San Salvador Island, the Bahamas (data from
Hearty and Kindler, 1993)
A A R age
M e a n A/I ratios
A m i n o z o n e Facies sampled Petrology of
estimates* &
& st. dev.
units analysed
radiometric
(no. of samples)
correlations1*'c (ka)
0.093 ±0.017 (6)
skeletal
beach sediments
modem
A

aeolian - marine

skeletal/ooidal;
ooidal/peloidal

0.189 ±0.026 (2)
0.238 ±0.008 (2)

3.2R
5.2"

C

aeolian

skeletal

0.303 ±0.024 (4)

62

E

aeolian & marine

ooidal/peloidal

0.419 ±0.030 (10)

ooidal

0.503 ±0.042 (21)

skeletal/peloidal

0.681 ±0.006 (3)

120
123c
135
>205

F

aeolian

>385
1.058 ±0.116 (2)
skeletal
aeolian
G
* calculated using the apparent parabolic kinetic model of Mitterer and Kriasakul (1989)
R 14
C dates of bulk carbonate samples from this unit
c
U/Th age of coral from this unit
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"whole-rock" D/L ratios and represents coastal sedimentation during the highstand of
oxygen isotope sub-stage 5a. The refined record of pre-Sangamonian deposition indicated
a significant proportion of the aeolianite of Bermuda was deposited in oxygen isotope
stages 9 (-340 ka) and 11 (-450 ka; Hearty and Vacher, 1994). Whole-rock D/L ratios for
the different aminozones are listed in Table 6.5.

Following on from the Bermuda work, Hearty and Kindler (1993) applied the "wholerock" A A R method to the aeolianite of San Salvador Island in the Bahamas. The "wholerock" data were tested against stratigraphic mapping and petrological analysis of the
various aeolian, marine and palaeosol sequences on the island and found to be consistent
with the stratigraphy and insensitive to sedimentological variations (Table 6.6). "Wholerock" A A R age estimates of several aminozones were obtained using the apparent parabolic
racemisation kinetics model of Mitterer and Kriasakul (1989), with radiometric calibration
provided by 1 4 C and U/Th ages for two of the aminozones (Table 6.6).

Carew and Mylroie (1994) were highly critical of the chronostratigraphy as defined in t
Hearty and Kindler (1993) study. Criticism was levelled at the A A R method per se based
on a 'blind' A A R study of fossil and recent Cerion samples which showed high intrasample precision but large inter-sample variability, with some A A R data stratigraphically
inconsistent. Problems with "whole-rock" data presented by Hearty and Kindler (1993)
were related to the stratigraphic inconsistency of whole-rock D/L ratios in the Almgreen
Cay Formation and high variation in the whole rock D/L values for Fortune Hill Formation
(0.680, 0.680, 0.52) and Owls Hole Formation (1.140, 0.976, 0.50 and 0.46). Carew
and Mylroie (1994) suggested that it is implausible for the former unit to be 100 ka
younger than the latter, as suggested by Hearty and Kindler (1993), and proposed instead
that subtle petrological differences between these formations recorded different
environments of deposition and diagenetic histories rather than a large age disparity (Carew
and Mylroie, 1994, p. 1088).

In response to this criticism, Hearty and Kindler (1994) emphasised that "whole-rock" a
Cerion A A R dating relies on several prerequisites for its reliable and optimal application in
the Bahamas, which m a y be summarised as:
i) a clear understanding of the geological and diagenetic context from which samples were
extracted;
ii)fieldassessment of the speed of burial and exhumation of samples;
iii) and an evaluation of the potential effects of surface heating, pedogenesis and chemical
diagenesis on the samples.
They proposed that the inconsistency in the Cerion data discussed by Carew and Mylroie
(1994) related to a failure to adhere to these sampling strategies. In relation to the "whole-
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rock" data, they emphasised that all stratigraphic units yielded unique and stratigraphically
consistent results, only 5.4% of 56 results were out of stratigraphic order and these were
pre-Sangamonian samples for which high variability m a y be expected. They also pointed
to similar results from Bermuda (Hearty et al, 1992; Hearty and Vacher, 1994) where 257
samples of marine shell, land snail (Poecilozonites sp.) and "whole-rock" samples agree
with the published stratigraphy. They also emphasised that "whole-rock" and Cerion data
are not comparable, especially as whole-rock samples are never taken from palaeosols or
protosols, only deeply buried, well-preserved "whole-rock" samples were used (Hearty
and Kindler, 1994).
The application of the "whole-rock" method in the Bahamas was considerably expanded in
recent studies by Kindler and Hearty (1996), Hearty and Kindler (1997), Hearty (1997;
1998) and Hearty et al. (1998). "Whole-rock" samples from a number of islands were
analysed and it was found that units of Last Interglacial age, as defined by the U/Th age of
coral, showed a good concordance in the m e a n A/I ratios between outcrops on an island
and between nearby islands. Also, a positive correlation is evident between mean A/I ratios
and C M A T for oolitic beach deposits emplaced during oxygen-isotope substage 5e across
the latitudinal extent of the Bahamas (Hearty et al, 1998; Fig. 6.4). This relationship is
expected due to the temperature dependence of the racemisation reaction: there is a
systematic increase in the rate of epimerisation of isoleucine in the oolite with increasing
diagenetic temperature. However, the relationship in these data is linear rather than
exponential (Fig. 6.4), as described by the temperature effect (McCoy, 1987). Although
these data were considered to provide evidence for the consistency of the epimerisation rate
in these sediments, the linear nature of the relationship was not examined (Hearty et al,
1998). Possibly, a larger data set, especially in the high temperature - lower latitude sites,
may describe a more exponential relationship.
6.7.4 AAR "whole-rock" analysis of units within aeolianite on Lord Howe
Island
Aeolianite on Lord H o w e Island is predominantly composed of thick, skeletal-carbonate
dune units mostly devoid of macrofossils useful for radiometric dating. However, the
results of U/Th dating of speleothem from several units, coral clasts from two beach units
and 1 4 C dating of several Placostylus from protosols indicates that m u c h of the carbonate
on the island m a y be older than 42 ka, the approximate limit of reliable 1 4 C dating in this
study (section 5.6). Also, these units often lack the quartz grains used in the T L method to
calculate the time since deposition of the sediment or are problematic for T L dating due to
diagenetic changes in the deposits (sections 5.8.5 - 7). Therefore, "whole-rock" A A R
dating has the potential to provide useful insights into the relative and possibly numerical
age of these successions.
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Figure 6.4: Whole-rock mean A/I ratios of oxygen isotope stage 5e oolitic units at several
island sites in the Bahamas plotted against latitude and approximate Current Mean Annual
Temperature (CMAT; Hearty et al, 1998). The data shows a consistent increase in
racemisation rate with increasing CMAT, although the expected exponential relationship is
not evident.

The "whole-rock" dating program is comprised of two groups of samples. The first group
were obtained from bulk samples of dune and beach units, mostly greater than 10 kg,
collected for T L dating before this study commenced (collected by D r E.A. Bryant).
Calcarenite cut from these samples for A A R analysis was originally approximately 10-20
c m below the surface of the outcrop. The second set of "whole-rock" samples were
obtained by drilling and augering exposures from the same sites at which bulk samples
were obtained to test the initial results and several additional outcrops were sampled to
extend the range of units analysed. Drill cores were from 30 - 40 c m long while the auger
samples were taken from approximately 1 m into the exposures.

6.8 A A R dating methods adopted in this study
A A R analyses by G C were undertaken to assess the relative and numeric ages of dune,
beach and palaeosol units in the aeolianite on Lord H o w e Island. The results of the
analysis of land snails (Placostylus bivaricosus), marine molluscs and bioclastic "wholerock" samples indicate the length of time since death of these carbonate organisms. The
G C method of analysis, although more costly and time consuming in sample preparation
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procedures compared to H P L C , has the major advantage of providing racemisation data of
a suite of amino acids for each sample analysed. A s both fast and slow racemising amino
acids are measured, a wide age spectrum of fossils can be dated. Also, as the relative rates
of racemisation are constant within genera, any sample from this group which exhibits
variations in these rates has likely experienced mobilisation of amino acids and therefore is
identifiable as unsuitable for age assessment.

6.8.1 Sample preparation
Of primary importance in the analysis of amino acids in carbonate fossils using G C , where
relatively small samples are being analysed, is the selection of well-preserved material and
the cleaning of this material to ensure a reliable measurement of the residual amino acids. A
full description of the methods used in this study is provided in Appendix 3. In summary,
all mollusc samples were cleaned and the outer surface of the shells ground away using a
dental drill. The aperture of the Placostylus and hinge area of marine molluscs was selected
for analysis. These segments were cut from each shell, acid-etched, air dried and then
weighed. Samples were then hydrolysed in 8 M H C 1 for 16 hours. T o remove cements in
the 'whole-rock' samples, each sample was disaggregated using a mortar and pestle before
being wet sieved to obtain the 250 - 850 urn fraction. Samples were H C 1 acid etched to
remove any remaining cements, dried and then weighed ready for hydrolysis. Subsequent
laboratory methods (derivitisation and gas chromatography) for all samples followed the
same procedures (documented in Appendix 3).

6.8.2 Chemical procedures
Methods adopted in this study are very similar to those described for G C analysis of amino
acids in Miller and Brigham-Grette (1989) and Murray-Wallace (1993), and are described
in detail in Appendix 3. In general, each sample was digested in 8 M H C 1 and hydrolysed
at 110°C for 16 hours. A m i n o acids in the samples were separated from salts using cationexchange columns, and the purified samples dehydrated by freeze drying procedures.
Anhydrous samples were derivitised in two steps: esterification of the residual protein was
achieved using 3.5 N isopropanol/HCl and heating the samples for 60 minutes at 110°C.
After drying, samples were acylated using methylene chloride and pentafluoroproprionic
acid anhydride and heating at 110°C for 15 minutes. The N-pentafluoroproprionyl - D, Lamino acid isopropyl esters were analysed using a Hewlett-Packard gas chromatograph
model 5 8 9 0 A Series II, with a fused silica capillary column (25 m ) coated with the
stationary phase Chirasil-L-Val and a flame ionisation detector with helium carrier gas. At
least two analyses of each sample was made to check instrument precision. A n example of
the G C traces obtained in this study is provided in Figure 6.5. The peaks of the D- and L-
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amino acids of interest, alanine, valine, isoleucine, leucine, aspartic acid, phenylalanine
and glutamic acid were predominantly well-resolved (Fig. 6.5).
6.8.3 Sampling strategy
In order to assess the relative age of Placostylus samples and thereby correlate exposures
of protosols and palaeosols at the various sites, all exposures were surveyed for suitable
Placostylus samples. T o provide statistically significant m e a n D/L ratios for each
fossiliferous unit, all well-preserved shells that were collected were analysed. For several
of the exposures, between 2 and 7 shells collected from each protosols and palaeosols
were considered suitable for A A R dating.

The collection of "whole-rock" samples was designed to provide sample material that coul
permit an assessment of the difference in the age of the two lithostratigraphic formations
and secondly, to indicate age differences between units within the Neds Beach Formation
which constitutes the bulk of the aeolianite. Exposures of the two formations in
superposition were sampled at Neds Beach, Middle Beach and North Bay. T o
comprehensively assess the age of units in the Neds Beach Formation, samples were
collected from the major outcrops at Neds Beach and Middle Beach on the east coast and
from successions exposed in cliffs on the west coast at Signal Point, Cobbys Corner and
Johnsons Beach.

6.9 AAR dating results; Placostylus samples
In this section, the racemisation data of Placostylus samples are presented and the
reliability of the measured D/L ratios are assessed. The data is also checked against the
stratigraphy of the units from which the samples were obtained. Details of the stratigraphic
sites referred to are provided in the Chapter 3. Relative and numerical age assessments of
the A A R data are also examined.

Placostylus specimens were collected from protosol and palaeosol units at Neds Beach and
Middle Beach, and from protosols exposed in the quarry on Middle Beach Road, at Signal
Point and at Johnsons Beach. Snails were also collected from soil profiles at Old
Settlement Beach, Signal Point and Johnsons Beach (Fig. 3.4).

6.9.1 AAR dating results; Placostylus from Neds Beach
At Neds Beach, Placostylus were collected from two fossil soil units. Using abseiling
equipment, 2 well-preserved specimens were collected from the protosol in the cliffed
exposure at stratigraphic site 2 (protosol 2b, Fig. 3.8), at the southern end of Neds Beach.
The protosol sits 20 m above the Last Interglacial beach unit and was mapped as an
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exposure of the Middle Beach protosol, part of the Neds Beach Formation. O n e shell was
collected from another outcrop of this protosol at site 1 (Fig. 3.8), towards the middle of
Neds Beach. Shells from both sites are well-preserved as the deposit is very lightly
cemented and periodically undergoes slumping.

Mean D/L ratios of these samples (samples nepel, 2 and 3, e.g. for isoleucine (A/I): 0.36
±0.04) are well defined, with C V s of 1 0 % or less for all amino acids except isoleucine
(11.3%, Table 6.7). The relative rates of racemisation of the different amino acids follow
the k n o w n rates (Milnes et al, 1987; Murray-Wallace and Kimber, 1993), with alanine
and aspartic acid the most racemised amino acids and valine the least racemised.

Placostylus were also collected from a palaeosol at site 5 (p2, Fig. 3.8), 70 m east of t
first collection site, stratigraphically below the beach unit and part of the Searles Point
Formation. The palaeosol sits approximately 5 m above M H W and is well-cemented.
Numerous Placostylus were visible in the exposure but most have been heavily weathered
and degraded by algae and lichen. In places, blocks of the palaeosol have collapsed and
exposed relatively well-preserved Placostylus in the cliff. Using an extension ladder,
several of these shells were collected for analysis.

Mean D/L ratios for the 4 best-preserved samples (nepcl - 4) are considerably higher than
shells from the protosol at site 2 (e.g. A/I: 0.73 ±0.06, Table 6.7). There is good
agreement between the D/L ratios of the individual shells analysed, with mean D/L ratios
having C V s of less than 1 0 % for all amino acids except aspartic acid (12.8%). In these
shells, alanine and isoleucine are slightly more racemised than aspartic acid, in contrast to
the D/L ratios of shells from the protosol (Table 6.7). This change in relative racemisation
rates is discussed below.
The two data sets are in stratigraphic order with the mean D/L ratios of shells from the
palaeosol at site 5 significantly higher than shells from the protosol at site 2, being outside
the 2 standard deviations uncertainties of the mean D/L ratios of all amino acids except
aspartic acid (Table 6.7).
6.9.2 AAR dating results; Placostylus from Middle Beach
Five Placostylus were collected from the protosol mapped as part of the Middle Beach
protosol (Neds Beach Formation), between stratigraphic sites 17 and 14 (Fig. 3.31), at the
southern end of Middle Beach. At the northern end of Middle Beach at site 5, three snails
were recovered from a palaeosol of the Searles Point Formation (pi, Fig. 3.23). T w o
Placostylus were also collected from the protosol exposed in the base of the quarry cutting
on Middle Beach Road, 370 m west of Middle Beach (Fig. 3.45j).
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Between sites 17 and 14, individuals were collected over a range of approximately 100 m.
All five samples are well-preserved as the aeolianite is weakly-cemented and the cliff is
actively retreating. D/L ratios for these samples (Table 6.8) are in good agreement,
providing m e a n D/L ratios with low error terms (mbpl4, e.g. valine: 0.23 ±0.01, A/I:
0.38 ±0.02) and C V s of less than 8 % for all amino acids except phenylalanine (10.7%).
D/L ratios follow the k n o w n order of relative racemisation rates suggesting no discernible
mobility of amino acids in the shells.
Samples were chiselled from a well-cemented palaeosol at site 5 and required considerable
cleaning prior to analysis (details in Appendix 3). T w o samples, mbp53 and mbp54, were
found to be in a good state of preservation while one, mbp51,

showed signs of

recrystallisation (sparry calcite in the body of the shell) and contamination with black algae.
However, the aperture was not recrystallised and algae was removed with hydrogen
peroxide and an acid etch (details in Appendix 3). All three samples were analysed (Table
6.8).

The mean D/L ratios of the two well-preserved samples are in good agreement (mbp5, e.g.
mean A/I: 0.93 ±0.01, aspartic acid: 0.78 ±0.02) and the means have C V s of less than
7 % . The D/L ratios of sample mbp51

appear to show the effects of more intense

diagenesis, with D/L alanine (1.44) and leucine (1.01) above unity (Table 6.8).
Significandy, D/L ratios of the other amino acids measured in this sample are similar to the
D/L ratios of the two well-preserved samples (e.g. A/I: 1.02, aspartic acid 0.79). In these
shells, isoleucine and alanine are relatively more racemised than aspartic acid, similar to the
Placostylus from the well-cemented palaeosol at Neds Beach, also part of the Searles Point
Formation (discussed below, Table 6.8).

The mean D/L ratios of Placostylus collected at Middle Beach, one set from a protosol in
the Neds Beach Formation, mbpl4, and the other from a palaeosol in the Searles Point
Formation, mbp5,

are stratigraphically consistent and significantly different. The

differences in the mean D/L ratios of the two sets of shells are greater than the uncertainties
of two standard deviations (e.g. D/L valine: protosol = 0.38 ±0.04; palaeosol = 0.93
±0.02).

Two well-preserved shells from the protosol exposed in the quarry on Middle Beach Road
(samples mbqp2

and mbqp3),

mapped as part of the Middle Beach protosol, were

analysed. T o check the reproducibility of the analyses, two subsamples of mbqp2 were
analysed and the two sets of D/L values show insignificant variations (<2%, Table 6.8).
M e a n D/L ratios for the two shells are also in good agreement with low errors (mbqp, e.g.
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valine: 0.20 ±0.003, A/I: 0.33 ±0.01) and C V s of less than 6%, and appear reliable as
relative rates of racemisation follow the known order (Table 6.8).

6.9.3 AAR dating results; Placostylus from Signal Point
At Signal Point, two well-preserved samples were collected for analysis from the upper of
two weakly-developed protosols, 4 m above M H W (site 2, Fig. 3.44). Also, two shells
were collected from 1 m above the protosol, at the base of the soil profile. Amino acid D/L
ratios of Placostylus from the protosol are in good agreement (sppb, e.g. mean A/I: 0.35
±0.004), the m e a n ratios have C V s of less than 7 % for all amino acids except leucine
(12.5%) and relative racemisation rates follow the known order (Table 6.9).
The mean D/L ratios of Placostylus from the soil above the protosol are less than 0.04
all amino acids except aspartic acid (spps, e.g. A/I 0.02 ±0.001) which is consistent with a
m o d e m age. Relatively high variability between the two samples is suggested by the high
C V s of the m e a n D/L ratios of isoleucine (34.2%), leucine (28.9%) and phenylalanine
(17.2%). However, the C V s of very low D/L ratios become a less rigorous test of
concordance due to the disproportionate effect of the value of standard deviation, a
statistical problem discussed in Murray-Wallace and Kimber (1989). Even so, there is very
close agreement between the D/L ratios of alanine, valine, aspartic acid and glutamic acid
of the two samples, all with C V s less than 9 % (spps, Table 6.9). M e a n amino acid D/L
ratios of the two units are stratigraphically consistent, significantly different (with
uncertainties of 2 a) and follow the k n o w n relative racemisation rates, indicating reliable
racemisation data.

6.9.4 AAR dating results; Placostylus from Old Settlement Beach
Several Placostylus were collected from a creek cutting in the foredune at the southern end
of Old Settlement Beach. Three of the four shells analysed have low and very similar
amino acid D/L ratios (osbp, e.g. mean A/I: 0.03 ±0.01, Table 6.9). The C V s for the mean
ratios of valine (30.1%), A/I (20.2%), leucine (13.8%) and phenylalanine (17.6%) are
high, due mostly to the low D/L ratios (discussed above), while C V s of the mean ratios for
alanine, aspartic acid and glutamic acid are < 1 0 % , reflecting very similar ratios in the three
samples. The relative racemisation rates of amino acids in these samples follows the
known order. The one shell excluded from the set, osb95, has D/L ratios significantly
higher than the other shells (e.g. A/I: 0.38) and has likely been eroded from aeolianite
outcrops to the east of Old Settlement Beach and subsequently incorporated into the beach
deposit (Table 6.9).
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Chapter 6: Aminostratigraphy

The mean D/L ratios for the three shells from Old Settlement Beach are all slightly higher
than those of shells from the soil at Signal Point but the one standard deviation
uncertainties of D/L valine, isoleucine, leucine and phenylalanine overlap (Table 6.9).
Significantly, the mean D/L ratios of the two fastest racemising amino acids, aspartic acid
and alanine, do not overlap with uncertainties of 2 standard deviations, suggesting a small
age difference between the units.

6.9.5 AAR dating results; Placostylus from Johnsons Beach
At the southern end of Johnsons Beach (site 2, Fig. 3.52) several Placostylus samples
were collected from two prominent protosol exposures. Also, one shell was collected from
near the top of the cliff, in the base of the soil profile. The cliff is actively eroding and the
samples collected were in a good state of preservation.
Four Placostylus were collected from the lower protosol (Fig. 3.52). Amino acid D/L
ratios measured in these samples are in good agreement (jbpa, e.g. mean A/I: 0.38 ±0.01)
and the m e a n ratios have C V s of less than 6 % (Table 6.10). T h e D/L ratios of 6
Placostylusfromthe upper protosol also show good agreement (jbpb, e.g. mean A/I: 0.35
±0.03) with C/Vs of less than 1 0 % for all amino acids except phenylalanine (11.4%).
Reproducibility of the measurements was checked by analysing two subsamples of jbpb7:
mean D/L ratios of the replicates have acceptable C V s of less than 5 % for all amino acids
except isoleucine (5.2%). The mean D/L ratios follow the k n o w relative racemisation rates,
indicating well-preserved samples.

Two subsamples of the shell from the base of the soil profile, jbpsl, were analysed. One
subsample lacked a sufficient concentration of amino acids to accurately measure all D- and
L-peaks. However, 3 amino acids were measured in both subsamples and the second
subsample provided adequate peak resolution for all D/L ratio calculations (e.g. A/I: 0.03).
The alanine and aspartic acid D/L ratios are very similar while there is a larger difference in
the D/L glutamic acid ratios ( C V 29.4%), although the high C V is also related to the very
low D/L ratios (Table 6.10).

The series of amino acid mean D/L ratios for Placostylus from the protosols and from the
base of the soil profile increase d o w n the succession in agreement with the stratigraphy.
These ratios also follow the k n o w n order of relative racemisation rates, indicating the
racemisation data are reliable. However, the m e a n D/L ratios of shells from the two
protosols are similar and their uncertainties overlap (Table 6.10).
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6.9.6 Assessment of the Placostylus

AAR

data

The differences in the amino acid m e a n D/L ratios of Placostylus from the palaeosols and
protosols at Neds Beach and Middle Beach (e.g. A/I: 0.23 in protosols compared with
0.73 - 0.93 in palaeosols), given the C M A T of 19.2°C at Lord H o w e Island, suggests an
age difference in the order of several oxygen isotope stages. This magnitude of age
difference is consistent with the stratigraphy of these sites (Neds Beach: summarised in
Fig. 6.11c; Middle Beach: summarised in Fig. 6.12d). Both protosol exposures were
mapped as part of the Middle Beach protosol (Neds Beach Formation), which sits above
the oxygen isotope substage 5e beach unit at Neds Beach. In contrast, the palaeosols lie
stratigraphically below the beach unit and form part of the Searles Point Formation.
Shells from the cemented palaeosols show good concordance in their D/L ratios and the
suite of amino acids analysed exhibit very similar relative racemisation rates that
predominantly follow the k n o w n order, both between individuals and between the two
palaeosols. W h e n compared to land snail data from Bermuda, with a slightly higher C M A T
(Hearty et al., 1992, Hearty and Vacher, 1994; Table 6.1) and marine mollusc A A R data
from southern Australia with a similar C M A T (Murray-Wallace, 1995), the relatively high
D/L ratios appear to represent a Middle Pleistocene age for the shells (assessed in detail
below), supporting the stratigraphic, petrologic and T L data for these outcrops of the
Searles Point Formation.
Mean D/L ratios of the shells from the palaeosol at Middle Beach are higher than those
from the palaeosol at Neds Beach. However, apart from isoleucine and glutamic acid,
amino acid m e a n D/L ratios overlap within two standard deviation uncertainties. This
suggests the difference in D/L ratios m a y not be significant, especially given the relatively
highly racemised state of the amino acids, and indicates additional analyses are required to
more accurately define m e a n D/L ratios for both palaeosols. S o m e minor influence of
carbonate diagenesis on the amino acid D/L ratios was evident in one shell from the
palaeosol at Middle Beach (mbp51), indicated by inconsistent D/L ratios for alanine and
leucine. The relative rate of racemisation in the palaeosol samples contrasts with those from
protosols, with isoleucine and alanine slightly more racemised than aspartic acid. This
appears to relate to the greater age of the fossils in the palaeosols, indicated by the
relatively high D/L values, as it has been found that there m a y be intersection of amino acid
kinetic pathways during the later stages of protein diagenesis (Lajoie et al, 1980). The
results of laboratory heating experiments also suggest aspartic acid in peptides can exhibit a
racemisation reversal with time under certain conditions (Kimber and Griffin, 1987).
Therefore, it m a y be expected that the relative rate of aspartic acid and alanine racemisation
m a y alter with time and without the loss of indigenous amino acids. Also, in older
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samples, diagenically formed organic compounds m a y coelute from the chromatograph
column with aspartic acid, slightiy influencing the measured aspartic acid D/L ratio.

The mean amino acid D/L ratios of shells from outcrops of the Middle Beach protosol at
Middle Beach and Neds Beach, the protosol exposed in the quarry on Middle Beach Road,
the weakly-formed protosol at Signal Point and the two protosols at Johnsons Beach have
similar m e a n D/L ratios, which overlap with uncertainties of one standard deviation (Fig.
6.6). In these shells, the m e a n D/L ratios of the suite of amino acids analysed consistently
follow the k n o w n order of relative racemisation rates (Milnes et al, 1987; Murray-Wallace
and Kimber, 1993), demonstrating the reliability of the racemisation data.
The similarity of the mean D/L ratios of shells from the different protosol exposures
indicates a similar age for the shells, given the assumption that they have experienced
equivalent diagenetic temperatures. Therefore, these data support the stratigraphic
interpretation that the protosol exposures at Neds Beach, Middle Beach and the quarry on
Middle Beach Road represent a single unit, the Middle Beach protosol. These data extend
the likely range of the protosol and point to the island-wide nature of this period of
pedogenesis. The results from Johnsons Beach, where the m e a n D/L ratios of shells from
2 protosols in superposition are not clearly differentiated, suggest a relatively small age
difference between the 2 sets of shells (possibly less than 20 ka; Murray-Wallace and
Kimber, 1989).

Amino acid D/L ratios of shells collected from soil profiles at Old Setdement Beach, Sig
Point and Johnsons Beach are quite similar. Apart from alanine and glutamic acid, the one
standard deviation uncertainties of all m e a n D/L ratios overlap (Fig. 6.6). The D/L ratios
are very low, clearly lower than shells collected from the protosols, reflecting a Late
Holocene to modern age. Only shells from Old Settlement Beach have significantly higher
aspartic acid D/L ratios, indicating a slightly greater age. This is supported by the

14

C

analyses of two of these shells, on each from Johnsons Beach and Old Settlement Beach the shell from Johnsons Beach is modern (post 1950) while the shell from Old Settlement
Beach has a 1 4 C age of approximately 350 yrs (Fig. 6.6).
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M e a n D/L ratios for shells from protosols are very similar (for all sites, the one or two standard
deviation errors overlap) and follow the expected relative racemisation rates. Samples from
palaeosols have significantly higher mean D/L ratios (outside 2 st. dev. errors except for aspartic
acid) than shells from protosols. In the palaeosol samples, aspartic acid mean D/L ratios are
relatively low and isoleucine D/L ratios relatively high, reflecting the influence of prolonged
diagenesis (discussed in the text). Shells collected from soils have very low D/L ratios and only
aspartic acid can differentiate the Searles Point samples from the slightly older shells from Old
Settlement Beach and Johnsons Beach.
asp: aspartic acid; ala: alanine; phe: phenylalanine; leu: leucine; isol: isoleucine; glu: glutamic acid;
val: valine.
ne: Neds Beach; m b : Middle Beach; m b R d qu.: Middle Beach R d quarry; sp: Signal Point;
osb: Old Settlement Beach; jb: Johnsons Beach.
Figure 6.6: Amino acid D/L ratios of Placostylus collected from palaeosol, protosol and
soil units at several sites on Lord Howe Island. In the diagram amino acids are listed in the
known order of relative racemisation, with the fastest racemising amino acid on the left.
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6.9.7 Aminostratigraphy of the palaeosols and soils
To objectively identify groups of similar Placostylus samples based on the D/L ratios of the
suite of 7 amino acids, Q m o d e cluster analysis (described in section 4.2) was undertaken
on the mean D/L ratios for each pedogenic unit (soil, protosol, palaeosol) examined at the 6
locations. A Cosine-theta clustering model appropriate for biostratigraphic data (Harbaugh
and Merriam, 1968; P C program) was used to produce a dendrogram (Fig. 6.7, data
matrix in Appendix 4.2). A s a means of checking the results the data were also analysed
with the Wards cluster model, which is also appropriate for these data (Johnson and
Wichern, 1990). A very similar dendrogram was obtained (Appendix 4.2) indicating
reliable clustering is displayed in the Cosine-theta dendrogram. Three clusters in which the
mean D/L ratios of samples are highly similar

(similarity index, SI, of > 0.85 between

samples) are clearly defined in the dendrogram (Fig. 6.7). Cluster A includes samples
from outcrops of the Middle Beach protosol, part of the Neds Beach Formation (excluding
the lower protosol at Johnsons Beach, jbpa). Cluster B comprises shells from the
palaeosols at Neds Beach and Middle Beach (nepc, mbp5), part of the Searles Point
Formation. Cluster C incorporates the samples from soil profiles at Old Settlement Beach,
Signal Point and Johnsons Beach (spps, osbp, jbps). Shells from the lower protosol at
Johnsons Beach (jbpa) have high similarity with both the shells from the palaeosols (SI =
0.86) and also the protosols (SI = 0.64 - 0.80). However, using the Ward's clustering
algorithm, samples from the lower protosol at Johnsons Beach (jbpa) are most similar to
samples from the protosol at Signal Point (sppa, section A4.4). The high similarity of
these racemisation data is consistent with the stratigraphic interpretations of the outcrops,
both protosols being considered part of the Middle Beach protosol.

Simple clustering of the Placostylus mean D/L ratios (plotting the D/L ratios of two ami
acids against each other) can graphically group D/L ratios, the groups possibly signifying
discrete geochronological intervals. B y plotting D/L leucine against A/I, amino acids with
moderate racemisation rates, the palaeosol, protosol and soil units are clearly separated, the
groupings in agreement with clusters in the dendrogram (Fig. 6.8a). The three sets of
mean D/L ratios of shells from soil exposures and six from protosols, form two welldefined groups. Data points for the two sets of shells from palaeosols, though wellseparated from the protosol samples, are quite disparate (Fig. 6.8a).
Applying the same approach but plotting D/L aspartic acid, the fastest racemising amino
acid, against A/I shows a similar grouping of shells from the protosol and palaeosol units
(Fig. 6.8b). Figure 6.8b also displays the apparent decrease in the rate of aspartic acid
racemisation compared to A/I, as discussed above, after a D/L ratio of approximately 0.65.
Also, D/L ratios of shells from the soil profile at Signal Point are separated from shells
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collected from soils at Old Settlement Beach and Johnsons Beach, probably indicating a
slightly younger age for the shells from Signal Point (Fig. 6.8b).
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Figure 6.8: Grouping of mean D/L ratios o/Placostylus based on a) mean D/L leucine v
A/I ratios and, b) mean D/L aspartic acid vs A/I ratios
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Radiometrically calibrating the mean D/L ratios of Placostylus from these units remains
problematic. Six Placostylus analysed for A A R were also submitted for A M S

14

C dating

(discussed in section 5.6) in an attempt to provide direct calibration of the amino acid D/L
ratios. T w o samples from protosols at Johnsons Beach, Middle Beach and Neds Beach
were submitted but results showed the proportion of 1 4 C in these samples near to or
beyond the limit of the dating method, similar to a shell from the protosol at Signal Point
dated by the conventional 1 4 C method (Table 5.1) - the finite 1 4 C ages obtained appear to
represent the influence of contamination of the samples by a minute amount of modern
carbon (section 5.6). However, the

14

C results indicate the m i n i m u m age for the

Placostylus is greater than approximately 42,000 yrs BP.
TL dating results, although dating the deposition of the coastal sediments or aerosol
not the biogenic carbonate, provide guides to the age of the Placostylus. Shells from the
palaeosol stratigraphically below the beach facies at Neds Beach are between 222 ±28 ka
(W2166), the T L age of the dune cross-beds the palaeosol has developed on, and
approximately 120 ka, the age (TL and U/Th) of the beach facies (Tables 5.1 and 5.4).
These age limits indicate the Placostylus samples from the palaeosol at Neds Beach have
ages that fall within the time interval represented by oxygen isotope stage 7 or stage 6.

The palaeosol at site 5, Middle Beach, can be traced north to site 4, where a sample o
palaeosol was collected for T L dating. A n age of 202 ±23 ka (W2118) for the palaeosol
provides an approximate age for the Placostylus (a m a x i m u m age if the polymineral finegrain fraction analysed is entirely residual or, possibly, a m i n i m u m age if there is a
significant aerosol input - discussed in section 5.8.2). This age estimate falls within
oxygen isotope stage 7, within the age range of the shells from the palaeosol at Neds
Beach, suggesting the mean D/L ratios of shells from both palaeosols m a y be grouped into
aminozone A (Fig. 6.9).
The dune unit above the beach facies at Neds Beach yielded a TL age of 86 ±33 ka
(W1728), providing a m a x i m u m age for the Placostylus from the Middle Beach protosol
which caps this dune unit. At Middle Beach, aeolianite below the swale unit at site 17
yielded a T L age of 98 ±17 ka (W1765) which sets a possible m a x i m u m age for the
Placostylus collected from the overlying swale unit (mbpl4; Fig. 3.31). In the quarry on
Middle Beach Road, the dune unit has a probable T L age of 91 ±21 ka (W1517),
indicating a m i n i m u m age for the Placostylus in the underlying palaeosol. Unfortunately,
this T L age is for a sample with less than the normal minimum number of aliquots, so it is
less reliable than the other aeolianite T L ages (discussed in section 5.8.6). Nonetheless, the
T L ages point to a similar general age for these dunes and suggest the Placostylus from the
protosols capping the dunes have an age that lies within oxygen isotope stages 4 - 5.
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Three aminozones (objectively defined by cluster analysis, Fig 6.7) are proposed with age estimates related
to the oxygen isotope chronostratigraphy of Imbrie et al. (1984);
A shells from palaeosols at Neds Beach and Middle Beach (Searles Point Formation);
B: shells from protosols at several sites (Neds Beach Formation);
C: shells from soil exposures (modern to Late Holocene).

Figure 6.9 Age estimates of aminozones based on TL and 14C ages of associated deposits.

Therefore, Placostylus from protosols at Signal Point and Johnsons Beach, with very
similar D/L ratios, are also likely have an age that falls within oxygen isotope stages 4-5.
These samples form aminozone B (Fig. 6.9).

Aminozone C comprises Placostylus from soil profiles. One shell from Old Settlement
Beach and 1 from Johnsons Beach were dated by both A A R and A M S

14

C methods.

Sample jbpsl, from Johnsons Beach, had an A M S output too small to give a precise value
but the result indicates it is post 1950, while osbpl, from Old Settlement Beach, has an age
of approximately 335 yr B P (OCZ-221, Table 5.1). Both samples have very low D/L
ratios (e.g. aspartic acid: 0.17, 0.16; valine: 0.02, 0.01 for jbpsl and osbpl respectively)
correctly reflecting the modern to Late Holocene 1 4 C ages. The D/L ratios of two shells
from the soil unit at Signal Point, sppsl and spps2, have slightly lower aspartic acid D/L
ratios (0.12) which also indicate a modern age (Fig. 6.9).

6.10 AAR dating results: marine mollusc samples
Although microscopic fragments of molluscs are c o m m o n in both beach and dune units
within the aeolianite, specimens large enough for A A R dating are rare, being confined to
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outcrops interpreted as beach deposits. W h e r e suitable mollusc samples were recovered,
A A R analysis w a s undertaken. At Neds Beach, a small specimen of Patella sp. (3g; neml)
was recovered from the beach facies. Samples from Lovers B a y (lbm3) consist of 5
fragments of shell from the laminae of sandy gravel which crop out between Lovers Bay
and Johnson beach (unit Ibla, Fig. 3.52). Although it w a s not possible to positively
identify these fragments, they appeared very similar to Fragum unedo, a species commonly
washed up on beaches around the island. A beach unit identified in the lower 3 m of a drill
core from the lagoon jetty (lcl2; section 3.10.2) contained small Fragum unedo shells (<1
g) and a larger shell (lcl2ml) suitable for A A R dating, also probably Fragum but difficult
to positively identify as cement coated the shell (Table 6.11).
The D/L ratios of the 3 shell samples are reasonably consistent (e.g. D/L aspartic acid:
0.68, 0.67, 0.65; Table 6.11) apart from higher variability in the A/I ratios. They are
consistent with the D/L ratios of molluscs of oxygen isotope stage 5 age that have
experienced a diagenetic temperature similar to that of Lord H o w e Island, approximately
19.2°C (Murray-Wallace, 1995a). The relative racemisation rates in these samples are very
similar to the k n o w n sequence for marine molluscs from southern Australia (MurrayWallace and Kimber, 1993), but with slightly higher D/L alanine for samples lbm3 and
lcl2m, and relatively low glutamic acid D/L ratios (Fig. 6.10).
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Figure 6.10: Amino acid D/L ratios (total acid hydrolysate) of marine mollusc samples
from beach deposits within the aeolianite. The similar D/L ratios suggest age equivalence
for the outcrops.
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The contrasts in the D/L ratios of the mollusc samples m a y be due to taxonomic differences
or merely the small number of samples analysed - better defined m e a n D/L ratios m a y be
more consistent with the data from southern Australia.

The similar D/L ratios for these shells agree with the lithostratigraphic interpretatio
samples were recovered from units mapped as part of the Neds Beach Formation (section
3.13). The D/L ratios are consistent with the U/Th and T L ages of the beach unit at Neds
Beach (-120 ka) and the upper section of lagoon core 12 (-120 ka). The similar D/L ratios
obtained for the Lovers Bay sample support the interpretation that this deposit is a beach
unit that was emplaced during the Last Interglacial (Fig. 6.10).

6.11 AAR "whole-rock" dating results
In this section, the results for the two groups of samples analysed are presented separately.
For both sets of samples, the data obtained for each major collection site are described and
the stratigraphic consistency and racemisation characteristics of the data are examined. The
geochronological significance of all the "whole-rock" racemisation data is then assessed,
cluster analysis is used to define aminozones and A A R age estimates are proposed.
The initial phase of "whole-rock" dating involved the analysis of samples from Neds
Beach, Middle Beach and Signal Point. The units sampled were the beach and overlying
dune unit at Neds Beach, from stratigaphic site 2 (bed sets 2a and 2b, Fig. 3.8); two dune
units at Middle Beach, sites 16 - 17 (bed sets 16a and 16b, Fig. 3.31); one dune unit at
Signal Point, site 2 (bed set 2a, Fig 3.44) and a sample of beach sand from Lagoon Beach.
Multiple analyses of these units were undertaken to test the applicability of the whole-rock
method to skeletal carbonate sediments on Lord H o w e Island.
6.11.1 Initial "whole-rock" samples from Neds Beach
The mean D/L ratios of 5 analyses of the beach unit, samples neal - 5 (e.g. A/I: 0.35
±0.03) and 4 of the dune unit, samples nebl, 2, 4, 5 (e.g. valine: A/I: 0.32 ±0.03)
returned mean ratios with low variance, as indicated by the coefficient of variation (CV) C V s for all mean D/L ratios except leucine (13%) and phenylalanine (17%) are 1 0 % or less
(Table 6.12). Although the beach unit has higher D/L ratios than the overlying dune unit,
the uncertainties of the m e a n D/L ratios of both units overlap, except for aspartic acid,
suggesting the D/L ratios for each unit are not significantly different (Table 6.12).
With the exception of phenylalanine, D/L ratios follow the known order of relative
racemisation rates (Milnes et al, 1987; Murray-Wallace and Kimber, 1993). O n e analysis
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Chapter 6: Aminostratigraphy

of the dune unit (nebl3) had anomalously low D/L values for all amino acids and was not
included in the calculation of the mean values (Table 6.12).

The presence of anomalously low D/L ratios is consistent with the loss of the relativel
molecular weight, highly racemised amino acidfractionfromat least part of the sample. As
free amino acids are a more mobilefractionthan the higher molecular weight component of
the 'total acid hydrolysate' and could be removed from a sample which has experienced
weathering, the free amino acidfractionwas analysed in samples from the two units. Free
amino acids should have higher D/L ratios than the 'total acid hydrolysate' and also show
an increase in D/L ratios with age until approaching equilibrium (Murray-Wallace and
Kimber, 1989; Rutter and Blackwell, 1995).
Although the resolution of the chromatograph peaks of D-alloisoleucine and L-glutamic
acid in the "free" samples, nealOf (e.g. valine: 0.47, A/I: 0.50) and nebl0f(e.g. valine:
0.40, A/I: 0.73) was less accurate than the other amino-acid G C peaks due to partial
coelution of these amino acids with other organic compounds, it is clear that the free amino
acid D/L ratios are higher than the 'total acid hydrolysate' m e a n D/L ratios for both units
(Table 6.12). However, these ratios lack stratigraphic consistency as the D/L ratios of
alanine, isoleucine, aspartic acid and glutamic acid are lower in nealOf, the beach unit, than
neblOf, the overlying dune unit, suggesting a loss of some of the more racemised amino
acids in the "free" sample from the beach unit. Several measurements would be required to
discount the possibility that the lower D/L ratios in nealOf reflect only the expected
variations within a unit.
6.11.2 Initial "whole-rock" samples from Middle Beach
The Middle Beach samples were collected from two dune units at the southern end of the
beach, between stratigraphic sites 16 and 17 (Fig. 3.31). The lower unit is exposed in the
lower 1 - 2 m of cliff and contains poorly defined horizontal bedding and at least two weak
pedogenic horizons, indicating that it represents a swale deposit (Fig. 3.34). A sample was
cut from the base of the swale beds, sample mbwb.

A sample was also cut from the

overlying thick (25 m ) dune unit (bed set 16b, Fig. 3.32c), sample mbwc. T w o analyses
were undertaken on each of these bulk samples (e.g. mbwb, A/I: 0.39 ±0.01; mbwc, A/I:
0.38 ±0.003). M e a n D/L ratios of all the amino acids are stratigraphically correct. The one
standard deviation uncertainties of D/L valine, glutamic acid and A/I overlap, while the
uncertainties for D/L alanine, aspartic acid, phenylalanine and leucine do not. However,
with 2 standard deviation uncertainties, all mean D/L ratios except leucine overlap. Thus,
the relatively small differences in the D/L ratios are possibly not significant (Table 6.13).
Good agreement between analyses from each unit is reflected in the C V s of the mean D/L
ratios, being < 11.5 % for both units.
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Chapter 6: Aminostratigraphy

The free amino acid fraction of a sample from the lower unit was also analysed, sample
mbwbf(e.%. valine: 0.45, A/I: 0.73). D/L ratios for this sample are consistently higher for
all amino acids than the 'total acid hydrolysate' samples (Table 6.13), suggesting the
bioclastic grains analysed are well preserved.

6.11.3 Initial "whole-rock" samples from Signal Point and Lagoon Beach
At Signal Point, a bulk sample was collected at the northern end of the aeolianite outcrop,
in the base of the cliff (bed set 2a, Fig. 3.44). The mean D/L values of 5 subsamples,
spwblO -14 (e.g. A/I: 0.38 ±0.02), have low C V s of <9 % (Table 6.14). O n e sample was
analysed for free amino acids, spwblOf

and apart from an L-valine peak too low to

accurately measure, all D/L values are higher than the mean 'total acid hydrolysate'
samples (e.g. A/I: 0.48). Although isoleucine and phenylalanine D/L ratios are similar, the
relative racemisation rates of the other amino acids follow the known order (Table 6.14).
A sample of beach sediment was collected from Lagoon Beach, Igbwl, 200 m south of
Signal Point. D/L ratios of this sample (e.g. valine: 0.05, A/I: 0.08, Table 6.14) are
comparable with up to 6 ka of racemisation based on shells from southern Australia
(Murray-Wallace, 1995), reflecting the influence of a significant proportion of fossil
grains. Typically, D/L valine measured in modern shells is < 0.02 (Murray-Wallace and
Kimber, 1987, 1988). Similar A/I ratios have been recorded for skeletal carbonate beach
sand on San Salvador Island in the Bahamas (Hearty and Kindler, 1993) and Bermuda
(Hearty et al, 1992). D/L ratios of the free amino acidfractionin sample Igbwlf, are all
higher than the corresponding 'total acid hydrolysate' D/L ratios (Table 6.14), indicating
amino acids are well-preserved in the carbonate grains.
6.11.4 A summary of the preliminary "whole-rock" AAR results
The amino acid D/L ratios of a sample of modern sediment from Lagoon Beach ('total acid
hydrolysate') are significantly lower than the results obtained from samples of fossil dune
units at Signal Point, Middle Beach and Neds Beach and the fossil beach unit at Neds
Beach. Importantly, mean D/L ratios for units at each site were stratigraphically correct.
Within the 1 or 2 standard deviation uncertainties, the mean D/L ratios of each unit overlap,
suggesting a similar Late Pleistocene age for the carbonate grains in all units. However,
these results, especially for Neds Beach where some mobility of amino acids in the
sediments m a y have occurred, need to be tested by comparisons with samples of wellburied sediment.
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Chapter 6: Aminostratigraphy

6.12 A A R "whole-rock" dating results; samples obtained by
augering and drilling
The second phase of A A R dating was designed to, i) extend the range of outcrops and
hthostratigraphic units examined by sampling from both the Neds Beach Formation and the
stratigraphically lower Searles Point Formation, and ii) test the preliminary results by
resampling the same outcrops using an auger to obtain well-buried samples. In an effort to
obtain relatively well-preserved samples of the Searles Point Formation at Neds Beach and
Middle Beach, shallow cores (30 - 40 c m long) were drilled into several exposures of these
dune units.
6.12.1 "Whole-rock" samples from Neds Beach
Mapping has shown the beach unit at Neds Beach, part of the Neds Beach Formation,
onlaps older dune units which constitute part of the Searles Point Formation (section
3.6.4). Both formations are exposed at the southeastern end of the beach. Dune units of
the Searles Point Formation form a complex lateral and vertical succession that extends east
to Searles Point. Units of the Searles Point Formation predominantly crop out in the
intertidal to supratidal zone at the landward end of shore platforms and in the promontory
at Searles Point. Unlike samples of the Neds Beach Formation, thin sections of units in the
Searles Point Formation exhibit considerable diagenetic alteration (section 4.8). Therefore,
potentially, these outcrops m a y have experienced the loss of some amino acids during
diagenesis of the carbonate grains or, more recently, during their exposure in this littoral
setting. Shallow cores were drilled in an attempt to recover samples that were less likely to
be influenced by intense weathering that m a y occur in these exposed settings (Gardner and
McLaren, 1994).

Samples of units in the Searles Point Formation were collected at three sites. At Searle
Point, at stratigraphic site 9, a core was drilled from a thick dune unit (bed set 9bi, Fig.
3.9i). At Neds Beach, cores were drilled from two dune units exposed at the southeastern
end of the beach, between sites 3 and 5 (bed sets 3a and 5a, Fig. 3.9c, e).
Samples from the moderately-cemented to friable dune and beach units of the Neds Beach
Formation were also analysed. These samples were augered from at least 1 m into the face
of the cliff. The beach unit exposed at site 2 was sampled below and above a distinct
unconformity in the unit (bed set 2a, Fig. 3.9b). With the assistance of abseiling
equipment, samples from the overlying dune units were augered at -10 m and 24 m above
L A T , within the large sets of foreset crossbeds (bed sets 2b and 2c, Fig. 3.9b). Samples
from the beach and overlying dune unit provided the opportunity to check the earlier series
of A A R results. A summary of the stratigraphy of the sites where the samples were
collected is presented in Figure 6.1 lc.
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6.12.2 " W h o l e - r o c k "
Formation

samples

from

Neds

Beach;

the

Searles

Point

Although the amino acid D/L ratios of samples from the Searles Point Formation, from
stratigraphically below the beach unit at Neds Beach, are, when compared to each other, in
the correct stratigraphic order, they are aberrantly low (Fig. 6.11a,c; Table 6.15). Amino
acid D/L ratios measured in samples from Searles Point, sewl (e.g. A/I: 0.31), from the
dune unit onlapped by the beach unit at Neds Beach, newl (e.g. A/I: 0.09) and new2 (e.g.
A/I: 0.17), and from the underlying dune unit, new3a (e.g. A/I: 0.22), are mostly closer to
the sample of 'modern' sediment from Neds Beach, newm

(e.g. valine: 0.09, A/I 0.14)

than the sample from the overlying beach unit, new8a (e.g. valine: 0.38 ±0.01, A/I: 0.59
±0.02). The D/L ratios measured in samples of the Searles Point Formation also exhibit
inconsistencies in the relative racemisation rates of the amino acids measured. In these data
there is a lack of differentiation between fast and slow racemising amino acids (newl) and
variability in the relative extent of valine racemisation between samples. These results
appear to indicate that these samples from the Searles Point Formation have lost a
considerable amount of the low molecular weight, highly racemisedfractionof their amino
acids. The petrology of these older dune units, as evident in thin sections (Table 4.2),
reveals that a significant proportion of skeletal carbonate grains have experienced
mineralogical alteration which likely involved the loss of these more mobile amino acids.
When viewed under a binocular microscope, many of the light brown - white skeletal
carbonate grains in sample new3 were found to have black pits and veins that were
considered to have been produced by algae, lichen or mould or a combination of these
organisms, all involved in the micritisation process (Fliigel, 1982) and capable of
introducing modern amino acids into a fossil sample. This form of contamination has been
examined by Sykes et al. (1996). A subsample of new3, new3P, was treated with
hydrogen peroxide (details in Appendix 4) to remove this potential contamination. The D/L
ratios of sample new3P (e.g. A/I: 0.48, Table 6.15) are considerably higher than new3
(e.g. A/I: 0.22), indicating a possible minor influence of modern organic material on the
D/L ratios of this sample. However, the relative rates of racemisation are anomalous in this
sample For example, D/L valine, 0.43, the slowest racemising amino acid, is higher than
D/L phenylalanine, 0.32, a relatively fast racemising amino acid. This reflects a significant
loss of the more racemised fraction of amino acids from the samples.
6.12.3 "Whole-rock" samples from Neds Beach; the Neds Beach Formation
The mean D/L ratios of 3 samples from the lower bed set in the beach unit at Neds Beach,
new8al-3 (Table 6.15), have C V s below 4 % except for phenylalanine (12.6%). The mean
D/L ratio of alanine (0.71 ±0.01) is greater than that of aspartic acid (0.64 ±0.01),
generally considered the fastest racemising amino acid. However, as discussed above,
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a) D / L ratios of samples from the lower, Middle Pleistocene, sequence of dune units (Searles Point
Formation, samples sewl, n e w l , n e w 2 , n e w 3 ) are less than the m e a n D / L ratios of the Last Interglacial
beach facies at N e d s Beach (new8a), stratigraphically above this sequence, with s o m e D / L ratios similar to
a sample of modern beach sediment ( n e w m ) . These aberrant data indicate the loss of m u c h of the low
molecular weight, m o r e racemised amino acid fraction from the older samples.
b) D / L ratios of samples from the succession of units at site 2, N e d s Beach, from the N e d s Beach
Formation. D / L ratios are predominantly in the correct stratigraphic order and s h o w mostly consistent
relative racemisation rates which predominantly follow the k n o w n order (discussed in the text).
c) O n following page.

Figure 6.11: Amino acid D/L ratios and stratigraphic position of "whole-rock" samples
from units within the aeolianite between Neds Beach and Searles Point.
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c) Stratigraphic position and A/I ratios of "whole-rock" samples (w-r) from Neds Beach. A/I ratios of
Placostylus samples are also indicated, as are T L and U/Th ages (details of the stratigraphy are provided in
sections 3.6.1 - 3.6.3).
Figure 6.11: Amino acid D/L ratios and stratigraphic position of "whole-rock" samples
from units within the aeolianite between Neds Beach and Searles Point.

these specific changes in relative rates of racemisation during diagenesis can occur without
the loss of indigenous amino acids (Lajoie et al, 1980; Kimber et al, 1986; Kimber and
Griffin, 1987). M e a n D / L ratios of the other amino acids exhibit consistent relative
racemisation rates, slightly different to that of marine molluscs and the Placostylus samples
due to the taxonomic affect on racemisation rates (Murray-Wallace and Kimber, 1987;
Murray-Wallace, 1995; Fig. 6.1 lb). These relative racemisation rates are consistent with
k n o w rates, indicating the reliable measurement of the indigenous amino acids.
A comparison of the two sets of "whole-rock" data for the beach unit reveals the initial
samples from a depth of 10 - 2 0 c m (newa, e.g. A/I: 0.35 ±0.03) have m e a n D/L ratios
significantly lower than the samples augered from 1 m into the exposure (new8al-3, e.g.
A/I: 0.59 ±0.02); outside the one standard deviation uncertainties, while with two standard
deviations only the D/L phenylalanine ratios overlap. These differences are considered in
the discussion section below.
O n e sample w a s analysed from the upper beds in the beach unit and from the two
overlying dune units. T h e amino acid D/L ratios of the sample from the upper beach beds,
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new8b (e.g. A/I: 0.47), are significantly lower than the mean ratios for the underlying bed
set, sample new8a

(e.g. A/I: 0.59 ±0.02), being outside the two standard deviation

uncertainties of the m e a n D/L ratios of the lower bed. However, multiple samples of the
upper bed are required to define a mean ratio to test the significance of the differences.

The sample from the dune unit directly overlying the beach unit, new9, returned D/L rat
considerably lower than those of the beach unit (e.g. A/I: 0.40). Likewise, D/L ratios of
the sample from the top dune unit, newlO, are lower than D/L ratios of the underlying unit
(e.g. A/I: 0.28; Fig. 6.11b). This considerable difference in D/L ratios between samples of
the dune units is in keeping with the discontinuity between the units, which is formed by a
well-developed protosol interpreted as an outcrop of the Middle Beach protosol (Fig.
6.11c).

The D/L ratios of sample new9 (e.g. A/I: 0.40), are higher than D/L ratios of the initia
samples from this unit, newb (e.g. A/I: 0.32 ±0.03). This discrepancy is also examined in
the discussion section below.

Differences in the granular composition of the dune units may produce different rates of
racemisation compared to the beach unit. The top dune unit has a significant miliolid
foraminifera component (Table 4.2, thin-section sample ne8). However, it would require
radiometric dating and multiple A A R analyses of a miliolid-rich unit to check any possible
racemisation rate variations. Nonetheless, the D/L ratios of these units are in stratigraphic
order and in each sample the D/L ratios follow the correct order of k n o w n relative
racemisation, indicating the racemisation data are reliable (Fig. 6.1 lc).
A sample of sand from Neds Beach (newm, from - MHW), has an A/I ratio of 0.14,
higher than the initial sample from Lagoon Beach (0.08) and beach sand from Bermuda,
(0.12 ±0.01, Hearty et al, 1992) and San Salvador Island (0.09 ±0.02, Hearty and
Kindler, 1993). The D/L ratios of all the amino acids measured in sample newm (e.g.
valine: 0.09) indicate a significant fossil component in the beach sediment. However, the
D/L ratios are stratigraphically consistent as they are considerably lower than D/L ratios
measured in samples of the Neds Beach Formation (e.g. valine: -0.30; Fig. 6.1 lb).

6.12.4 "Whole-rock" samples from Middle Beach
Samples from outcrops of both the Searles Point and Neds Beach Formations at Middle
Beach were also analysed. Superposed dune units were sampled at the northern end of the
Middle Beach cliffs, at stratigraphic sites 1, 2 and 5, and at the southern end of the cliffs,
between sites 16 and 17. Details of the stratigraphy of these sites are presented in Figures
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3.24 and 3.32 in the stratigraphy chapter. A summary diagram of the stratigraphy is
provided below in Figure 6.12d.

At the northern end of the Middle Beach cliffs (sites 1 and 2) at least 4 major dune un
exposed. The basal unit, mapped as part of the Searles Point Formation (bed set la, Fig.
6.12d), is well-cemented and a core was drilled at approximately 2 m above L A T . This
unit is overlain by well-cemented dune units and a thick, clay-rich palaeosol which in turn
is overlain by the three moderately to lightly-cemented dune units, part of the Neds Beach
Formation, also sampled for "whole-rock" dating. Apart from exceptions in the sample
from the basal unit, mbwl,

amino acid D/L ratios (Table 6.16) display a consistent

increase with lower stratigraphic position (Fig. 6.12a).

In sample mbwl, D/L leucine and A/I, 0.49 and 0.67 respectively, are considerably higher
than ratios for these amino acids in samples from the units above (e.g. mbwl2, leucine:
0.38, A/I: 0.47). However, D/L alanine (0.54), aspartic acid (0.58) and phenylalanine
(0.40) are slightly lower than D/L ratios of these amino acids in the unit above (mbwl2:
0.60, 0.59, 0.43 respectively). Also, the A/I ratio for mbwl

(0.67) is significantly higher

than the faster racemising amino acids, aspartic acid (0.58) and alanine (0.54). The D/L
valine ratio (0.41), generally the slowest racemising amino acid, is similar to glutamic acid
and phenylalanine (0.40, Fig. 6.12a). These data suggest the sample has experienced the
loss of a small proportion of the more mobile, relatively highly racemised fraction of the
amino acids, resulting in inconsistency in the relative racemisation rates. Therefore, at best,
the D/L ratios of mbwl indicate only m i n i m u m values for the unit.
In contrast, the D/L ratios of samples from three units in the cliff above, part of the
Beach Formation, samples mbwl2, mbw4 and mbw5a, are in stratigraphic order (e.g. A/I:
0.47, 0.42, 0.37 respectively; Fig. 6.12d; Table 6.16). Reliability of the data are also
indicated by the consistent relative racemisation rates (Fig.6.12a). However, the top unit
has a large miliolid foraminifera component (Table 4.2, thin-section sample mb5a) and
amino acids m a y experience racemisation rates in slight variance to rates in the underlying
units, as discussed above in relation to a similar outcrop of the Middle Beach M e m b e r at
Neds Beach.

Stacked dune units at site 5, 300 m north of site 2, were also sampled. In the lower 4 m
cliff, a well-cemented dune unit (bed set 4a, Fig. 6.12d), part of the Searles Point
Formation, is capped by a clay-rich, brown palaeosol and overlain by at least 2 dune units
of the Neds Beach Formation (bed sets 4b and 4d). O n e sample from each unit was
analysed. T h e sample from the core of the basal unit, mbw3, has D/L ratios that do not
agree with the stratigraphy (e.g. valine: 0.19, A/I: 0.30), being lower than the sample from
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the overlying unit, mbw5

(e.g. valine: 0.33, A/I: 0.51). Also, D/L leucine (0.18) and D/L

phenylalanine (0.17) measured in this sample are marginally lower than D/L valine (0.19),
the slowest racemising amino acid.

When observed under a binocular microscope, the carbonate grains in sample mbw3 were
observed to have numerous black pits and veins, similar to a sample from Neds Beach
(new3). Therefore, mbw3

was also treated to remove modern organic contamination

(described in appendix 2) which m a y contribute adventitious amino acids to the sample.
Although the D/L ratios of the treated sample, mbw3P,

are higher than the untreated

sample (e.g. AH = 0.41 treated, 0.30 untreated), they are still considerably lower than the
D/L ratios of the sample from the overlying dune unit, mbw5

(e.g. A/I = 0.51, Fig.

6.12b).

The anomalously low D/L ratios and aberrant relative racemisation rates for sample mb
may be attributed to a loss of the more racemised fraction of amino acids from the skeletal
carbonate grains. A thin section of this unit of the Searles Point Formation (Table 4.2,
thin-section sample m b 3 ) shows considerable diagenetic alteration of the bioclastic grains
consistent with a loss of amino acids. Therefore, the A A R data for samples mbw3

and

mbw3P indicate the outcrop m a y be unsuitable for whole-rock dating. In contrast, samples
from the overlying dune units of the Neds Beach Formation provide more reliable A A R
data (Table 6.16).
Samples mbw5, from the dune units overlying the basal unit, and mbw5b, the top dune
unit (Middle Beach M e m b e r ) have D/L ratios in stratigraphic order (e.g. valine: 0.33 and
0.17, A/I: 0.51 and 0.28 respectively) and exhibit predominantly consistent relative
racemisation rates (Fig. 6.12b, d). However, mbwSb

(from the Middle Beach Member)

was recovered from a relatively shallow depth (20 c m ) as the auger could not penetrate
cemented laminae. This sediment m a y have experienced minor leaching, resulting in D/L
ratios lower than in well-buried samples.

At the southern end of the Middle Beach cliffs, samples were augered from two dune uni
of the Neds Beach Formation. At site 17, sample were collected from the basal dune unit
and the thick (~23m) dune unit above, samples mbwl3
17a and 17b, Fig. 6.12d). Sample mbwlO

and mbwlO respectively (bedsets

is from a dune unit of the Middle Beach

Member. The units are separated by a 1 - 2 m thick swale unit, a bulk sample of which was
analysed in the initial investigation, sample mbwb

(Table 6.16). A sample was also

collected from the narrow sandy beach in front of the cliffs, mbwll.
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All amino acid D/L ratios measured in these samples are in stratigraphic order, being higher
in mbwl3

than mbwlO

(e.g. valine: 0.28 verses 0.23, Table 6.16). These ratios are

considerably higher than D/L ratios measured in the beach sample, mbwll

(e.g. valine:

0.10). A m i n o acid D/L ratios measured in these samples exhibit consistent relative
racemisation rates which predominandy agree with the known rates (Fig. 6.12c). The D/L
ratios for the sample of beach sand are higher than sand samples from Neds Beach and
Lagoon Beach, which probably reflects the influence of a considerable proportion of grains
derived from the aeolianite at Middle Beach (Fig. 4.6f). Differences between D/L ratios in
the aeolianite samples are very similar to those found between the lower and upper dune
units at sites 2 and 5, supporting the stratigraphic interpretations for this section of coast
(Fig. 6.12d).

At site 17, the results of the analyses of the initial bulk samples and samples augere
the same unit can be compared. These results show reasonable agreement (Fig. 6.12c).
The D/L ratios of the top dune unit, part of the Middle Beach M e m b e r , samples mbwlO
(augered sample, e.g.valine: 0.23) and mbwc

(initial bulk sample; e.g. valine: 0.23

±0.03), are very similar. The mean D/L ratios of several amino acids measured in mbwc
are equivalent to, or the uncertainties of the mean D/L ratios overlap, those of mbwlO for
all amino acids except isoleucine and glutamic acid (Fig. 6.12c). The D/L ratios of a bulk
sample of the swale unit and the 2 samples augered from units above and below the swale
unit (mbwl3,

mbwb,

mbwlO)

are in stratigraphic order (e.g. A/I: 0.45, 0.39, 0.33

respectively), although very similar (Fig. 6.12c).
In the quarry on Middle Beach Road, 400 m east of Middle Beach, two samples were
collected from dune units above and below a protosol exposure interpreted as part of the
Middle Beach protosol (Fig. 6.12c). A m i n o acid D/L ratios measured in sample mbqw2
from below the protosol (e.g. A/I: 0.44) are slightly higher than D/L ratios of sample
mbqwl from above the protosol (e.g. A/I: 0.40, Table 6.16). The differences in D/Lratios
are relatively small, similar to the differences found in samples from the lower and upper
units of the Neds Beach Formation at sites 2 and 17 at Middle Beach. The samples from
Middle Beach are also from units above and below the Middle Beach protosol.
Samples were also collected at The Big Slope, from the base of a dune unit which crops
out in the aeolianite cliff on the shoreline, at the far southern end of the east coast. This unit
is weakly cemented, the skeletal carbonate grains are well preserved and it exhibits a
granular composition similar to most samples of the Neds Beach Formation (section
4.5.3). The mean D/L ratios for two samples from this unit, bswl ( e.g. A/I: 0.50 ±0.02)
are very similar to samples of the Neds Beach Formation from Middle Beach (Fig. 6.12c).
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a) Samples from site 2. D/L ratios of sample m b w l , from the basal dune unit (Searles Point Formation)
show inconsistent relative racemisation rates. In contrast, samples from the overlying dune units (mbwl2,
m b w 4 , mbw5a: Neds Beach Formation) have D/L ratios which agree with the stratigraphy and show
consistent relative racemisation rates.
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b) Samples from site 5: D/L ratios of samples from the basal unit, mbw3i, mbw3ii (Searles Point
Formation) do not agree with the stratigraphy and exhibit inconsistent relative rates of racemisation. In
contrast, samples from the overlying dune units, m b w 5 , m b w 5 b (Neds Beach Formation), have D/L ratios
in the correct stratigraphic order and exhibit consistent relative rates of racemisation.
* units as marked on d, following page.
asp: aspartic acid; ala: alanine; a/i: isoleucine; phe: phenylalanine; leu: leucine; glu: glutamic acid;
val: valine
c) and d) on following page

Figure 6.12: Amino acid D/L ratios and stratigiraphic position of "whole-rock" samples
from aeolianite units at Middle Beach. Samples from the Big Slope are also indicated.
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d) Stratigraphic position and A/I ratios of the "whole-rock" samples (w-r) from Middle Beach. The A/I
ratios of Placostylus samples and T L ages are also indicated (details of the stratigraphy are provided in
sections 3.7.1 - 3.7.3).

Figure 6.12: Amino acid D/L ratios and stratigraphic positions of samples from aeolian
units at Middle Beach. AAR data of samples from the Big Slope are also indicated.
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6.12.5 "Whole-rock" dating results; samples from North B a y
In the embayment at the northern end of the Lagoon, North Bay, samples were collected
from North Beach (beach sand) and the aeolianite outcrops at the N E end of the bay. A 35
c m long core was drilled in the lower of two low-angle, moderately-cemented cross-beds
exposed at the eastern end of North Beach (bed set nola, Fig. 3.13d). Inland from the
shoreline, 2 samples were dug from the walls of caves in the aeolianite (bed sets 3a and 4a,
Fig. 6.13b), at elevations of approximately 20 m and 70 m above L A T (Table 6.17). The
shoreline outcrop was mapped as part of the Neds Beach Formation while the thick dune
units inland were tentatively mapped as part of the Searles Point Formation (details in
sections 3.10, 3.10.1).

Roof collapse has produced fresh exposures in the caves and this aeolianite has not
experienced the marked changes in moisture often evident in the well-lithified, near-surface
exposures. Therefore, the skeletal carbonate grains in samples collected in these
environments are more likely to have retained their indigenous amino acids. Examination
of these samples under the binocular microscope and in thin section (Fig. 4.8a) revealed
that although they contain a significant component of micritic cement, the skeletal carbonate
grains are relatively well preserved and comprise a suite of genera similar to that evident in
samples from the shoreline outcrop and most of the dune units examined.

The sample from North Beach, now5, returned amino acid D/L ratios similar to samples of
beach sand from Neds Beach and Middle Beach (e.g. A/I: 0.10), suggesting a minor fossil
component in the sediment (Fig. 6.13d). T w o analyses of the base of the core from the
shoreline outcrop, nowla and nowlb , are in good agreement (e.g. A/I: 0.56 ±0.06) with
C V s of the m e a n D/L ratios ranging from 2 % to 11.2% (Table 6.17). The D/L ratios are
significantly higher than the beach sample and the relative racemisation rates are in the
same order as the other well-preserved aeolianite samples (Fig. 6.13a). Sample now2,
from cave 2, approximately 100 m inland of the shoreline, has D/L ratios substantially
higher than nowl (e.g. valine = 0.48, A/I = 0.81). The A/I ratio is greater than D/L alanine
and D/L aspartic acid (Fig. 6.13a) which m a y relate to the relatively high extent of
racemisation of these amino acids - they are significantly closer to equilibrium than other
"whole-rock" samples, a ratio of 1.3 for A/I compared to 1 for the other amino acids.
Approximately 400 m further inland, a thick cross-bedded dune unit was also sampled
from within cave 3, samples now4a and now4b. The D/L ratios measured in these samples
are in good agreement (e.g. mean A/I = 0.85 ±0.004) and the mean ratios have C V s of less
than 2 % for all amino acids except phenylalanine (10.6%, Table 6.17). The relative
racemisation rates of amino acids in these samples are the same as now2 (Fig. 6.13a).

397

tN r-~
•<t co

© ro

CN

o
d

00

to

vo

d d d

d

oo
vi

r^ •> rt vo
io tn o cn

d

d

-J

d

r^

tN
VO

^ 00 vo f£
io V) O
^

Ov
o

VO

r»;

o

d

m

bO

c

B
B

o co
d

•st- n- ^r
d d ^

d o 0- d 2

*>>
c
u
xz
a.
—- fs, f*> _,

*o \o « q co

-I
I

r-

d tN

d

O VO •""* tN en
•<t •* •"* O -*
d d ^ d yf

00

d d

m
r^

d

rt
r
o d
d d d

io
tN

tN
vO

co ^
vo vo

o

N

tN

i-H

r^

v\j

O <u
'— .=
•- 3

"3

F-H

o o

d

-r
I

o m
o «o

d

a*

o -«>o!2
vo «o
d o
d ~
d d

-a

S
o
'-rt
O

rt
oo

oo

d

io c o vo
r-~ cn "•'
co ro o o vo
O 00
o o

00

vg •* J« rt (M

trd

io "^ O
oo oo o

VO
-rj-

o
d

d d 0* d d

d

— i ,_H o —i
lO "1 o
o
d y-l d d

tN
00

00

IT)

•<t

IO
o

5

§

VO VO VC O
d d o d CN

"3

O

o
(J

e

-Si

o

u IT)
3 , ro

O
u
M

-y

rt

e

rt

E -°

.5 .3.

IIM

c
CO

3 M
W rt g
rt
1>

e
- « £ ^ >
C * * 5 -a >
o
c

o « — r^
c fl to U

c _r

••N

—
o
rt
C/I

>

:

§ 3

-a

3 g

rr
rt "S

u o
c

I

C
X"

S3

5cd
E

o

E

o
u

1)

3

c

"a. O
w
3

d

m <N 0 o>
X o
d d d d

01

y

B
y*

y

0

CQ

>

>o

>

e « u
a o

1
zI

Chapter 6: Aminostratigraphy

now5 (beach sand)

D/L
ratio

nowl mean (n=2,
shoreline beds)
now2 (dune unit, cave 1,
20m M H W )
now4 mean (n=2, dune
unit cave 3, 70m M H W )
asp

ala

a/i
leu
phe
amino acid

glu

r
val

a) D/Lratiosof the suite of amino acids measured in samples of aeolianite and beach sand.
North Bay measured sections Site 4
20-i
Site 2
m
108642LAT0-

Sitel
j=1ajj= Neds Beach
~~m. Formation

m

"" EZZldune
P s ^ s ^ foresets

dune topsets

basalt

protosol

b) Stratigraphic position and A/I ratios of "whole-rock" samples (w-r) from units in the aeolianite at sites
1,2 and 4. T L and U/Th ages are also indicated
Figure 6.13: Amino acid D/L ratios and stratigraphic positions of "whole-rock " samples
from North Bay.

6.12.6 "Whole-rock" dating results; samples from the Lagoon boat ramp,
Ocean View Lodge and Signal Point
Southeast of North Bay, between Old Settlement Beach and Lagoon Beach, several
outcrops were sampled: a beach unit at the Lagoon boat ramp, a dune unit at Ocean View
Lodge, 2 dune units at Signal Point and sand from Lagoon Beach, immediately southeast
of Signal Point. At Ocean View Lodge, 300 m N E of the boat ramp, a sample was augered
from approximately 2 m below the surface, adjacent to the swimming pool. At the lodge,
the only apparently in situ fossil of the extinct turtle Meiolania platyceps was recovered

Chapter 6: Aminostratigraphy

during excavation for the swimming pool in 1971 (K. Wilson, Ocean V i e w Lodge
proprietor, pers. comm., 1996; Sutherland and Ritchie, 1977).

Based on the diagenetically induced lithic characteristics and stratigraphy of these o
they were classified as two formations, the Searles Point and Neds Beach Formations. As
outcrops of the Searles Point Formation appeared highly diagenetically altered (section
3.10.3), similar to samples from this formation that were collected at Neds Beach and
Middle Beach, only units of the Neds Beach Formation, the later stage of carbonate
accretion on the island, were selected for A A R "whole-rock" dating. Thin sections of these
units revealed well-preserved skeletal carbonate grains with a similar mix of skeletal
fragments (Table 4.2; section 4.5.8, thin sections br3, br4, sp2), in contrast to the
recrystallised grains evident in samples from the Searles Point Formation (thin sections
brl, br2).

The D/L ratios of two samples from the northern side of the boat ramp (core drilled fro
moderately-cemented foreshore laminae) brwla and brwlb, are in good agreement, with
low C V s (< 2 % ) for all amino acids (e.g. mean A/I: 0.58 ±0.01, Table 6.18). Only one of
two samples from Ocean View Lodge, ovwlb, had a sufficient concentration of amino
acids for the resolution of all amino acid peaks of interest. However, where comparisons
with the other sample, ovwla, are possible the C V s are below 1 0 % and D/L ratios are very
similar to samples from the boat ramp (e.g. A/I: 0.57, Table 6.18, Fig. 6.14a). With
uncertainties of one standard deviation, the mean ratios overlap, except for glutamic acid
which overlaps within two standard deviations. The relative racemisation rates of amino
acids in these samples are similar to most aeolianite samples, following the correct order
apart from D/L alanine ratios slightly higher than D/L aspartic acid (discussed above; Fig.
6.14a).
The sample of beach sediment from the northern end of Lagoon Beach, lgbw2, returned
the expected very low D/L ratios (e.g. A/I: 0.08) similar to a sample collected
approximately 400 m further south, Igbwl, in the initial set of "whole-rock" samples (e.g.
A/I: 0.08). The D/L ratios suggest a minor fossil component in the beach sediment.
Between Signal Point and Lagoon Beach, samples were augered from 2 dune units, one
sample from the bottom unit at the northern end of the aeolianite cliff and 2 from the
stratigraphically highest unit exposed in the cliff to the south, behind Lagoon Beach,
stratigraphic units spl and sp2 respectively (bed sets la and 3a; Fig 6.14b). "Whole-rock"
sample spw2, from the bottom unit, has D/L ratios (e.g. A/I: 0.48) higher than the mean
D/L ratios of samples from the upper unit, spw3a, b (e.g. A/I: 0.34 ±0.01), for all amino
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amino acid
a) The D/L ratios of the suite of amino acids measured in the "whole-rock" samples. T h e sample of
'modern' beach sand has D / L ratios significantly lower than all fossil samples. D/L ratios are in
stratigraphic order (spw2, spw3) and predominantly exhibit the expected relative racemisation rates. Error
bars represent uncertainties of 1 a where they are larger than the symbols for the mean values.
Signal Point

15—i

Site 3

Sitel
490vTBP.^Crtrt^ 1 0 / 02 o s f y / u s

ois

<—0.44 w-r

Placostylus
0.48 w-r
51 ±18 TL

foreshore laminae
protosol

b) Stratigraphic position and A/I ratios of the "whole-rock" samples (w-r). Placostylus A/I ratios and T L
and 1 4 C ages are also indicated.

Figure 6.14: Amino acid D/L ratios and stratigraphic positions of "whole-rock" samples
from dune and beach units exposedbetween the Lagoon boat ramp and Signal Point.

acids except phenylalanine. The mean ratios have C V s of < 3 % for all amino acids except
phenylalanine (Table 6.18). Relative racemisation rates exhibited by these samples are
close to the expected rates (Fig. 6.14a). In the sample of the bottom dune unit, spw2,
alanine is the most racemised amino acid, similar to most aeolianite samples.
The results for Signal Point agree very well with the earlier series of whole-rock analyses
of sample spwb (Table 6.18) from the lower dune unit at Signal Point. The uncertainties of
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one standard deviation of the m e a n ratios of both samples overlap for all amino acids
except isoleucine and glutamic acid.

6.12.7 Samples from Cobbys Corner, Lovers Bay and Johnsons Beach
At the southern end of the lagoon, between Cobbys Corner and Johnsons Beach, aeolianite
is exposed in discontinuous shoreline cliffs. These outcrops were mapped as part of the
Neds Beach Formation (section 3.12.4). Using an auger, samples were collected from
dune units at Cobbys Corner and Johnsons Beach. At Lovers Bay an outcrop interpreted
as a possible beach unit was also sampled. Aeolianite at Cobbys Corner has a distinctive
granular composition with a relatively high proportion of volcanic grains and was
classified as the Cobbys Corner M e m b e r of the Neds Beach Formation. However, the
composition of the skeletal carbonate fraction is similar to the other units examined from
the Neds Beach Formation (Table 4.2, thin sections ccl, cc3). Sand was collected for
analysis from the southern end of Lagoon Beach (100 m N of Cobbys Corner).
The sample of beach sand, ccw3, has amino acid D/L ratios far higher than normal for
modern sediment (e.g. valine: 0.11, A/I: 0.18) and indicates a significant fossil
component, likely derived from the aeolianite cliffs at Cobbys Corner (Table 6.19). The
mean D/L ratios for the basal unit at Cobbys Corner, samples ccwla and ccwlb (e.g. A/I
= 0.52 ±0.01) have C V s < 5 % for all amino acids. The D/L ratios are similar to those
measured in a sample from the overlying unit, ccw2 (e.g. A/I: 0.52, Fig. 6.15a). The D/L
ratios of samples from Cobbys Corner follow the correct order of k n o w n relative
racemisation apart from the characteristically slightly high D/L alanine ratios.

In the next embayment to the south, Lovers Bay, low-angled beds of probable beach orig
(bed set Ibla, Fig. 6.15b) onlap the basalt bedrock. T w o samples from this unit (Ibwla
and Ibwlb) have D/L ratios with C V s less than 5% for all amino acids (e.g. valine: 0.35
±0.004) and are similar to sample ccwl (Table 6.19).

A further 80 m south of Lovers Bay, at Johnsons Beach, three units can be identified i
aeolianite cliff. Moderately-cemented low-angled beds in the basal unit are overlain by two
thick friable dune units. "Whole-rock" samples from the dune units, jbwl and jbw2 (bed
sets jblbjblc, Fig. 15b), have D/L ratios in stratigraphic order (Fig. 6.16). These D/L
ratios follow very similar relative racemisation rates to the other aeolianite samples and are
lower than D/L ratios of samples from Lovers Bay and Cobbys Corner (Table 6.19).
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a) The sample of beach sand has D/L ratios distinctly lower than the aeolianite samples but relatively high
for modern carbonate, which indicates a significant fossil component in the beach sediment. The two dune
units have similar D/L ratios. The high relative racemisation rate of alanine is a characteristic of the
aeolianite samples.
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b) Stratigraphic position and A/I ratios of "whole-rock" samples (w-r) from Cobbys Corner, Lovers Bay
and Johnsons Beach. The A/I ratios of Placostylus samples and 14 C ages are also indicated.
Figure 6.15: Amino acid D/L ratios and stratigraphic positions of samples from dune units
exposed at Cobbys Corner and beach sediment from Lagoon Beach, 100 m N of Cobbys
Corner.
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Figure 6.16: Amino acid D/L ratios of samples from the beach unit at Lovers Bay (lbwl)
and dune units at Johnsons Beach (jbw2, jbw3). The higher D/L ratios for the beach
deposit indicate it may be the older unit. The stratigraphic positions of these samples ar
shown in Fig. 6.15b.

6.12.8 Samples of vibrocores and drill cores from the Lagoon
Unconsolidated sediment recovered in well-dated ( A M S and conventional 1 4 C) lagoon
vibrocores is dominated by a mix of red algal, molluscan and foraminiferal grains (Nash,
1994; Kennedy in prep.), similar to the assemblage evident in the aeolianite samples
(section 4.8). Therefore, vibrocore samples were analysed to provide calibration for the
aeolianite "whole-rock" A A R data. Both A A R and A M S

14

C dating was undertaken on 2

samples of red algae from vibrocore 9. "Whole-rock" A A R samples of lagoonal sediments
included carbonate grains from sand-rich units and fragments of red algae. Calcarenite
recovered in Jacro drill cores from below the lagoon sediment was also analysed to provide
an age assessment of the grainstone underlying the unconsolidated lagoon sediments.
Samples of the vibrocore and core are of the same size fraction, 850 - 250 (J,m, as the
onshore "whole-rock" samples.
The samples of red algae from Lagoon vibrocore 9 (North Bay), lv9931 (82 c m ) and
W9932 (217 c m ) , have conventional 1 4 C ages of 4420 yrs B P (OZC-222) and 6130 yrs
B P (OZC-223) respectively. Their amino acid D/L ratios also reflect a mid-Holocene age
and a small age difference between samples (e.g. A/I: 0.08 and 0.10, Table 6.20). T w o
"whole-rock" samples, lv9wl and Iv9w2

(217 c m ) , from this vibrocore were also

analysed. The mean D/L ratios (e.g. A/I: 0.10 ±0.01) have C V s of less than 7 % for all
amino acids (Table 6.20). The D/L ratios of the samples described above follow the known
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order of relative racemisation rates. The "whole-rock" samples have very similar D/L ratios
to the lower red algae sample (lv9932) from the same depth, indicating the D/L ratios of the
"whole-rock" samples m a y be comparable to D/L ratios of red algae (Fig. 6.17).

One sample from Lagoon vibrocore 12, lvl2wl (110 cm), from a relatively coarse sand
facies, has very low D/L ratios (e.g. aspartic acid: 0.25, A/I: 0.07) - all D/L ratios are
similar to but slightly greater than the sample from Lagoon Beach, lgbw2 (e.g. aspartic
acid: 0.20, A/I: 0.05, Table 6.20).

Two samples from vibrocore 14 (centre of the Lagoon), from a sandy gravel facies 300
below the top of the core, samples lvl4wl and Ivl4w2, have a 1 4 C age of approximately
4000 yrs B P (Kennedy, in prep.). Only the aspartic acid and glutamic acid D/L peaks were
measurable in sample lvl4wl. However, all amino acid D/L peaks were resolvable in
Ivl4w2 (e.g. aspartic: 0.35 ±0.01, A/I: 0.06) and there is good agreement in the two
aspartic acid and glutamic acid D/L ratios - mean D/L ratios have C V s < 4 % . The relative
racemisation rates are very similar to the other vibrocore samples (Fig. 6.17). The mean
D/L ratios of sample lvl4w are very similar to the sample of sand from Lagoon Beach,
lbw2, with equivalent D/L ratios in both samples apart from aspartic acid and glutamic
acid. In the vibrocore samples, only aspartic acid, the fastest racemising amino acid,
exhibits D/L ratios that are significantly different, with ratios of 0.35 for lvl4w and 0.20
for lv9w.

The Jacro drill cores are from the end of the Lagoon jetty (core 12) and the centre o
Lagoon (core 13). Only fragments of the core material were recovered (<20 % recovery)
and little was k n o w n of the chronostratigraphy of this rock. Three samples from core 12,
lcl2wl (sample from a core depth of 1630 - 1900 c m ) , Icl2w2 (550 - 700 c m ) , and
Icl2w3 (550 - 700 c m ) returned very similar D/L ratios which indicate they are probably
from the same unit (e.g. mean A/I: 0.40 ±0.02, Table 6.20).
There is a distinct difference in the D/L ratios of samples from core 12 and samples
vibrocore 12, recovered from lagoonal sediments that directly overlay the calcarenite
recovered in core 12 (e.g. A/I, lcl2 = 0.40 ±0.02; lvl2 = 0.07; Fig. 6.17). The
differences in the D/L ratios of the two units suggest that there is a significant difference in
the age of the units (discussed in detail below).
The amino acid D/L ratios of a "whole-rock" sample from core 13, lcl3wl (e.g. All:
0.36), are similar to D/L ratios of samples from core 12, with equivalent ratios for alanine,
aspartic acid, phenylalanine and glutamic acid (Table 6.20; Fig. 6.17). Samples of
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sediment from these vibrocores exhibit the same relative racemisation rates found in mos
aeolianite samples.
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In vibrocore 9, D/L ratios for "whole-rock" samples are very similar to D/L ratios of red algae.
Significantly, the "whole-rock" D/L ratios agree with the 1 4 C ages of the algae samples. The D/L ratios of
calcarenite samples from drill cores 12 and 13 are clearly higher than the vibrocore samples. Amino acids
measured in the mid Holocene and modern lagoonal sediments show distinct differences in the relative rates
of racemisation compared to the calcarenite, the rates in the calcarenite samples being similar to samples of
aeolianite from onshore. Uncertainties of 1 a for the mean values are shown where they are larger than the
symbols.
Figure 6.17: Amino acid D/L ratios of red algae and "whole-rock" samples from Lagoon
vibrocores and drill cores.

6.13 AAR "whole-rock" data: discussion and age assessments
All "whole-rock" samples from units of the Neds Beach Formation in which the skeletal
carbonate grains are well-preserved agree with the stratigraphy of the units from which

they were collected. The "whole-rock" samples exhibit consistent increases in amino acid
D/L ratios down the successions. Well-preserved samples of the Searles Point Formation,

collected in caves at North Bay, returned D/L ratios distinctly higher than samples from

Neds Beach Formation. The relative racemisation rates evident in these samples indicated
the amino acid D/L ratios were reliably measured.
In contrast, several samples of the Searles Point Formation from Neds Beach and Middle
Beach, in which grain alteration and replacement is apparent, returned D/L ratios which

reflect the loss of a considerable proportion of their indigenous amino acids. Therefore,
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degree of preservation of the bioclastic grains appears to significantly influence the
suitability of outcrops for the "whole-rock" method. Possibly, drilling through the
aeolianite ridge behind Neds Beach and Middle Beach, or a major slump in the base of the
cliff, m a y provide samples of these older units that are less intensely diagenetically altered
and amenable to the "whole-rock" method.

Mean D/L ratios (2-5 samples) with low variance were calculated for numerous
stratigraphic units. At Neds Beach, although the face of the aeolianite cliff is relatively
rapidly eroding, sediment from 10 - 20 c m below the surface of the outcrop returned D/L
ratios significantly lower than samples augered from 1 m into the same cliff. These results
indicate the need to avoid the zone of sediment that experiences a highly variable moisture
regime which m a y apparently rapidly induce minor leaching of the more racemised fraction
of amino acids. However, this problem was not apparent in the two sets of "whole rock"
racemisation data for Middle Beach and Signal Point.

Relative racemisation rates for inter- and intra-unit samples predominantly agree with t
known rates providing good evidence of the reliability of the racemisation data. A switch in
the relative racemisation rates between aspartic acid and alanine and, in some cases
isoleucine, is evident. This is especially apparent in the older samples from North Bay. It
appears to be a product of the racemisation kinetics of the amino acids in the older samples
which results in the crossing over of racemisation rates (Lajoie et al, 1980; MurrayWallace and Kimber, 1993), rather than the loss of indigenous amino acids. Slight
discrepeancies in the relative rates of racemisation of amino acids measured in the older
samples m a y also relate to the diagenic breakdown of aspartic acid (decarboxylation) and
possibly the coelution of diagenically-formed organic compounds with amino acids during
gas chromatography (Kimber and Griffin, 1987; Murray-Wallace and Kimber, 1989).

The distinct bioclastic composition of the Middle Beach Member (Table 4.2, thin sections
ne8, mb5a, mblO) m a y produce unique racemisation rates. However, the stratigraphic
order of the D/L ratios of 3 superposed units at both Neds Beach and Middle Beach, with
samples from the Middle Beach M e m b e r having the lowest D/L ratios, and the consistency
of the relative racemisation rates between units, suggest differences in the racemisation
rates between units must be very small. Therefore, these data are useful for chronological
interpretations. A radiometrically dated sample (possibly dated by E S R , or T I M S U/Th
methods) from the Middle Beach M e m b e r is required to provide a more rigorous check of
the racemisation rates of the bioclastic sediment in this unit.
The range in D/L valine and A/I ratios of well-preserved samples from the Neds Beach
Formation at Neds Beach and Middle Beach (valine: 0.30 - 0.22, A/I: 0.47 - 0.37), given
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the C M A T of 19.2°C, suggest a relatively small difference in the age of the skeletal
fragments comprising these units. This age difference m a y be around 20 ka, the probable
resolution of A A R dating as applied to Late Pleistocene mollusc samples (Murray-Wallace
and Kimber, 1989). The A A R numerical age of these units are assessed below.

Results for "whole-rock" samples from the quarry on Middle Beach Road provide
aminostratigraphic evidence to support the field interpretation that the protosol exposed
between the dune units in the quarry is part of the Middle Beach protosol. Similarly, D/L
ratios measured in samples from a dune unit at The Big Slope are within the range of
"whole-rock" samples from Middle Beach and support the classification of this outcrop as
part of the Neds Beach Formation.

Mean D/L ratios of samples from the shoreline exposures at North Bay (nowl), mapped as
part of the Neds Beach Formation, are significantly different (> 2 a for all mean D/L ratios
except phenylalanine) to D/L ratios of samples from the thick dune units inland (now2,
now4), mapped as part of the Searles Point Formation. These results suggest a substantial
age difference between the bioclasticfractionsin these formations. Importantly, the data
provide aminostratigraphic support for the lithostratigraphic interpretations based largely
on diagenetically induced lithic differences in these deposits (section 3.10.1).
A small age difference between the skeletal carbonate grains in the base and top of the
cliffed succession at Signal Point is also inferred by the D/L ratios of "whole rock"
samples. Likewise, D/L ratios indicate the age of bioclastic grains in these outcrops m a y be
slightly younger than the similar fraction analysed in samples from this area of outcrop at
the Lagoon boat ramp, a beach unit, and the dune unit at Ocean View Lodge (Fig. 6.14).

Similar results were obtained from samples of outcrop at the southern end of the Lagoon.
The D/L ratios of dune units at Johnsons Beach are lower than D/L ratios for the beach unit
at Lovers Bay and dune units at Cobbys Corner, suggesting the dune units at Johnsons
Beach m a y be slightly younger.

The D/L ratios measured in samples of lagoonal sediment are consistent with their 14C age
The relatively small age differences in these samples are only clearly identified by their
aspartic acid D/L ratios. In contrast, D/L ratios measured in samples of core material are
similar to D/L ratios of samples from dune units of the Neds Beach Formation from Neds
Beach, Middle Beach, Signal Point, Cobbys Corner, Johnsons Beach and The Big Slope.
This suggests the calcarenite recovered in cores 12 and 13 has a similar age to the
aeolianite. Thus the aminostratigraphic data gleaned from the cores appears to provide a
useful means of correlating subsurface units with the onshore lithostratigraphic units.
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6.13.1 Identifying patterns in the "whole rock" data
Scatter graphs of two amino acid D/L ratios have been used in several studies to permit an
assessment of the reliability of racemisation data and for the identification of discrete
aminostratigraphic units. These units, termed aminozones, are characterised by a welldefined range of D/L ratios and are usually related to some form of radiometric age guide
or calibration (e.g. Murray-Wallace and Kimber, 1987, 1989; Goodfriend, 1987). This
graphing method was applied to all the "whole-rock" data, with scatter graphs of isoleucine
and leucine, and isoleucine and valine (Fig. 6.18a, b) displaying the expected linear
relationship between the rate of leucine and valine racemisation compared to isoleucine
epimerisation.

The scatter graphs demonstrate several important chronostratigraphic features of the unit
sampled. D u n e units mapped as part of the Searles Point Formation at North Bay have the
highest D/L ratios and clearly plot above all the other samples (Fig. 6.18). Samples from
beach units within the Neds Beach Formation cluster at the top of the large group of
samples from dune units in this formation (Fig. 6.18a, b), reflecting the correct
stratigraphic relationship: at sites where both facies are exposed, the beach deposits were
emplaced prior to the dunes. Samples from dune units of the Neds Beach Formation form
a relatively elongate group, reflecting emplacement over a significant period, as suggested
by the protosol horizons within the formation, in contrast to the beach units which form a
relatively tight cluster (Fig. 6.18a, b).
In the plot of D/L aspartic acid and A/I, the middle Holocene vibrocore samples are
differentiated from the modern beach by their slightly higher aspartic acid D/L ratios (Fig.
6.18c). T h e change in racemisation kinetics of aspartic acid (discussed above) is also
indicated in the scatterplot: after reaching a D/L ratio of approximately 0.52, the rate of
racemisation in aspartic acid clearly decreases relative to the rate of racemisation in
isoleucine (Fig. 6.18c).

To reliably define mean D/L ratios, multiple independent analyses are required for each u
(Rutter and Blackwell, 1995). M e a n D/L ratios of beach and dune units at several sites
were calculated utilising 2 - 7 "whole-rock" samples from each unit. Samples from sites 2,
5 and 17 at Middle Beach, from disjunct outcrops of the same stratigraphic units (unit
mb5, lower unit of the Neds Beach Formation; unit mblO, Middle Beach M e m b e r , Fig.
3.35) were averaged to provide representative D/L ratios for these units. A database was
compiled of these mean D/L ratios as well as five single analyses, which provide a greater
spatial and stratigraphic range, to permit identification of aminostratigraphic units.
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Figure 6.18: Plots of the D/L ratios of a) leucine, b) valine and c) aspartic acid against A
for all whole-rock samples, classified by facies type.
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To objectively identify groups of similar mean D/L ratios in the "whole-rock" data, Q mode
cluster analysis was performed, using a Cosine-theta clustering model (Harbaugh and
Merriam, 1968; data matrix in Appendix 4). The Wards cluster model provided very
similar results (JMP, 1994; dendrogram in Appendix 4), indicating reliable clusters in the
data have been identified. The Cosine-theta dendrogram indicates two major divisions in
the data represented by clusters A and B (Fig. 6.19).

Cluster A includes 12 samples with very high similarity (similarity index, SI > 0.90).
These samples are from the lower units of the Neds Beach Formation and two samples
from the Searles Point Formation (forming a highly similar pair within the cluster). T w o
other samples, spw2 and new9, have low similarity with the other samples (SI < 0.40).
All samples in cluster A are weakly negativley correlated (SI = - 0.02) with samples in
cluster B.

Cluster B includes samples from the Middle Beach Member and the top dune units at
Johnsons Beach and Signal Point (also at the top of the Neds Beach Formation), the swale
unit at Middle Beach and all lagoonal samples. T w o distinct groupings are evident. Firstly,
the dune units of the Middle Beach Formation (mbwlO, mbqwl) and the top of the Neds
Beach Formation at Johnsons Beach (jbw2) have high similarity (SI ranges from 0.74 0.88). Secondly, the lagoonal and modern samples have very high similarity (SI > 0.98).
The sample from the swale unit at Middle Beach, mbwb, has a low similarity with all other
samples comprising cluster B (SI = 0.27).

The cluster analysis supports the stratigraphic interpretations and is especially sign
samples from disjunct outcrops of the Neds Beach Formation (the lower units) were
grouped separately, cluster A , from samples of the Middle Beach M e m b e r and 3 samples
from the top of the N B F , cluster B. However, within cluster A, two samples from the
Searles Point Formation, now2 and now4, have high similarity (SI = 0.96) to samples
from the Neds Beach Formation. Also, samples from the aeolianite have moderate to high
similarity (SI = 0.52 - 0.83) to modern and Holocene samples in cluster B. In both
instances, it appears the higher and lower D/L ratios, although clustered at either end of the
dendrogram, are less sensitively separated into discrete groups by the clustering model
(Cosine-theta algorithm, standardised data; non standardised data matrix produced
essentially the same results). In fact, the mean D/L ratios of samples from the Searles Point
Formation are significantly different to samples from the Neds Beach Formation (two
tailed f-test, p = 0.028; data in Table A4.2). These sets of samples are more clearly
separated in the Ward's dendrogram (Fig. A4.1, Appendix 4). Also, samples from the
Neds Beach Formation and Middle Beach M e m b e r in cluster B are significantly different to
the Holocene samples (r-test: p = 0.0007, Table A4.2).
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VALUES ALONG X-AXIS ARE SIMUJUUTJES, ARROWS MARK THE MAJOR AXIS
The dendrogram has two major clusters; A: beach and dune units from the base of the Neds Beach
Formation and two samples from the Searles Point Formation (now2, now4); B: samples from dune units
at the top of the Neds Beach Formation, Middle Beach Member and lagoonal samples.

Figure 6.19: Q mode cluster analysis dendrogram (Cosine-theta model) of the AAR
"whole-rock" data.
Aminozones m a y be graphically identified when racemisation data is plotted on a scatter
graph of D/L leucine and A/I, two moderately fast racemising amino acids which have been
widely used as geochronometers (Rutter and Blackwell, 1995). W h e n plotted on such a
scatter graph the upper and lower D/L ratios in the Lord H o w e Island data are clearly
graphically separated (Fig. 6.20). Samples from units of the Searles Point Formation,
aminozone A, are characterised by relatively high D/L ratios (e.g. A/I: 0.85, leucine: 0.60).
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They are clearly isolated above the major elongate cluster of samples from the Neds Beach
Formation, aminozones B l (e.g. A/I: 0.50 - 0.60, leucine: 0.40 - 0.54) and B 2 (e.g. A/I:
0.38 - 0.50, leucine: 0.28 - 0.38). Samples from the lagoon, aminozone C (e.g. A/I: 0.14
- 0.08, leucine: 0.10 - 0.06), are plotted near the origin, well below samples from the
aeolianite (Fig. 6.20).

As noted above, samples on one side of the major axis in the dendrogram are dissimila
those on the other (Fig. 6.19). These negative relationships were used to define the
boundary between aminozones B 1 and B 2 in the scatter graph, which comprise samples
from the Neds Beach Formation (Fig. 6.20). However, in the scatter graph, samples
mbwb, new9, mbqwl and spw3 are not clearly graphically separated as they plot in close
proximity, on or near the boundary of the two aminozones. This m a y reflect a relatively
small age difference in these units compared to other samples in the two aminozones.
However, two of these samples are a single analysis (new9 and mbqwl) and the D/L ratios
may be better separated with additional measurements. Nonetheless, the two aminozones
comprise samples from the lower and upper units of the Neds Beach Formation
respectively. Aminozone B 1 includes all samples of the beach units, and dune units
exposed in the base of the cliffs at Middle Beach, Cobbys Corner, Johnsons Beach and
Signal Point. In contrast, aminozone B 2 comprises samples from the top of the
successions at Johnsons Beach and Signal Point, from the swale unit and overlying dune
units of the Middle Beach M e m b e r at Middle Beach, and samples of a dune unit of the
Middle Beach M e m b e r from the quarry on Middle Beach Road, all mapped as the upper
units of the Neds Beach Formation.
Age guides for the aminozones are tentative as mean D/L ratios are well-defined (> 2
analyses) for only the beach unit at Neds Beach and dune units at Middle Beach and Signal
Point. Also, U/Th and T L ages of several units do not provide the age of skeletal carbonate
grains analysed by the A A R method. Nothwithstanding these qualifications, the data
appears reliable and aminozone A, dune units from the Searles Point Formation, comprises
D/L ratios which indicate an age greater then all other dune and beach units reliably
analysed (which have U/Th and T L ages of up to -120 ka) and is probably considerably
older than Last Interglacial.

Aminozone A is most likely Penultimate Interglacial (-200 ka, oxygen isotope stage 7)
older (stage 9). This age estimate is supported by the U/Th age of a flowstone from the
same outcrop at North Bay, 75 - 95 ka, indicating a greater age for the primary carbonate,
the subject of the A A R analyses, and the deposit. Although this age assessment conflicts
with a T L age of the unit, 92 ±11 ka (W3227), the T L age is considered a minimum age
due to the probable complexities in the radiation dosimetry of the sample (section 5.8.7).
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A: Dune units, 20-70 m above the shoreline at North Bay ("whole-rock" samples now2, now4)
Bl: Beach units from North Bay (nowl), Lagoon boat ramp (brwl), Neds Beach (new8a, U/Th age ~120ka)
and Lovers Bay (lbwl), and dune units from Neds Beach, above the beach unit (new9,)\ Oceanview Lodge
(ovwl); Signal Point, lower unit (spw2); the basal dune units at Cobbys Corner (ccwl, ccw2); Middle
Beach (mbw5, mbwl2); The Big Slope (bswl); and Lagoon Core 12 (lcl2w).
B2: Dune units: Middle Beach, sites 2, 5 (mbwb, mbwl3); Johnsons Beach (jbw2); Middle Beach, dune
unit mblO (mbwc, mbwlO, mbw5a); quarry on Middle Beach Road (mbqwl); Signal Point upper unit
(spw3); Johnsons Beach, unit above jbwl (jbwl).
C: Vibrocores: lagoon vibrocore 9 (lv9w) middle Holocene (14C age ~6 ka), vibrocore 14 (lvl4w)
Modern beach sand: Lagoon Beach (Igbwl, lgbw2).

Ages proposed for the aminozones are time periods defined by the oxygen isotope chronostratigra
Imbrie et al. (1984). These ages are suggested by radiometric and T L ages of beach (new8a), dune (new9,
mbwl2, mbqwl, mbwb) and lagoonal (lvw9) units.

Figure 6.20: AAR "whole-rock" aminozones proposed for the dune and beach units.
Boundaries between aminozones Bl and B2 are based on the results of cluster analysis
(Fig. 6.19).

Aminozone Bl comprises dune and beach units from the Neds Beach Formation. As the

beach unit at Neds Beach is Last Interglacial (U/Th and TL ages), the aminozone prob

represents a significant period of oxygen isotope stage 5 (possibly, substages 5c -

ages of the dune unit overlying the beach unit at Neds Beach (86 ±33 ka, from the s

unit as new9) and the swale unit at Middle Beach (83.4 ±14 ka, from the same unit a
mbwb) suggest similar ages for the base of Bl and top of aminozone B2. Therefore,
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aminozone B 2 possibly covers a period from oxygen isotope stages 4 to at least the middle
of oxygen isotope stage 5 (Fig. 6.20). Aminozone C, samples of lagoonal sediment,
covers the period from the middle Holocene, 4 - 6 ka, the 1 4 C age of samples from
vibrocore 9 (top of the aminozone) to modern, as represented by samples of beach
sediment (base of the aminozone).

6.13.2 AAR numerical age estimates
Numerical age calculations from A A R data require calibration with radiometrically-dated
samples of the same taxonomic group as the samples to be dated by A A R . These samples
must have experienced the same diagenetic temperature history as the radiometrically-dated
sample for the racemisation rates to be equivalent. The error term associated with a
calculated A A R age m a y be quite large (e.g. from approximately 1 5 % up to 5 0 % in Late Middle Pleistocene molluscs, Hearty et al, 1992) as the uncertainties associated with the
radiometric age of the calibration sample, the D/L ratio of the calibration sample and the
D/L ratio of the sample to be dated should all be carried through the age calculations
(Hearty et al, 1992; Ellis et al, 1996).

A critical factor in AAR age calculations is that the calibration sample and the sample
being dated have experienced the same rate of racemisation during diagenesis. A range of
marine and terrestrial molluscs (Hearty et al, 1992; Murray-Wallace and Kimber, 1993)
and "whole-rock" samples (Hearty et al, 1992; Hearty and Kindler, 1993) have been
found to fit an apparent parabolic kinetic model (Mitterer and Kriausakul, 1989). This
suggests that the Lord H o w e Island A A R "whole-rock" data, if reliable, should describe a
parabolic increase in the extent of racemisation with time. Figure 6.21 shows A/I ratios of
radiometrically dated whole-rock samples from Bermuda plotted on a log-log graph of A/I
and age. These data show a goodfitto a parabolic curve (y = x0-5; the line of best fit
between the data points only) as the exponent value in the power function of the equation
that describes the bestfitcurve is 0.587. The Lord H o w e data set is also plotted in Figure
6.21 but lacks the number of U/Th calibrations and "whole-rock" analyses per unit as
available for the Bermuda data. It is plotted as a means of comparing these initial results
with the more robust kinetic curve for Bermuda. T L dates are also plotted with the U/Th
(-120 ka) and
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C (-5 ka) ages as a secondary means of investigating the kinetics of

"whole-rock" racemisation. Although the T L method is not dating the fossiliferous
carbonate fraction, the time of deposition of these littoral deposits is likely to correlate with
the age of the sediment within the uncertainties of the T L age. The power function in the
equation describing the "curve" fitted to the Lord H o w e Island data is 0.466, which is also
close to that of a parabolic curve and suggests the racemisation kinetics of these samples
are slightly slower than rates described by the Bermuda model (Fig. 6.21).
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Age calculations using this model calibrated with the radiometric ages may provide us
age estimates of the skeletal carbonate grains analysed from the various units. Ages were
calculated using the mean D/L valine and A/I ratios and the apparent parabolic kinetic
model of Mitterer and Kriausakul (1989):
t = [(D/Ls)/Mc] ',

where t is the calculated age of the unknown sample in years, (D/Ls) is the mean D/L r
of this sample, and Mc is the racemisation rate constant that is defined by the slope of the
line described as:
|=(D/L)/rH
where D/L is the mean D/L ratio of the beach unit at Neds Beach (ne8a, the calibration
sample) and t is the age of this sample, 120 ka, which is the U/Th age of coral in the beach
unit The beach unit also has a T L age of -116 - 138 ka (W1693).
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The Bermudan U/Th calibrated data is from Hearty et al. (1992), and an E S R age of 490 ka for a aeolian
unit is from Hearty and Vacher (1994). Lord H o w e calibrated samples are from the beach facies at Neds
Beach, new8a (n = 3: -120 ka, U/Th), and Lagoon vibrocore 9, lv9w (n = 2: -5ka, 1 4 C) from the base of a
sandy m u d facies, 217 c m below the top of the core. Also, T L ages for dune units at Middle Beach, -98 ka
(same unit as mbwl3) and Neds Beach, -86 ka (same unit as new9) are included. The degree of fit of the
data sets to a parabolic curve is indicated by the exponents of the power functions in the equations which
describe the curves. A n exponent of 0.5 reflects a parabolic relationship between A/I and time, consistent
with the apparent parabolic kinetics model of Mitterer and Kriausakul (1989).

Figure 6.21: Log-log plot of A/I ratios and radiometric age of "whole-rock" samples f
Bermuda and Lord Howe Island.
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The modelled ages (Table 6.21) represent preliminary results and have not been assigned
error terms. They are used here to indicate the likely time period in which the skeletal
carbonate organisms died, as represented by the relevant oxygen isotope stage. The
calculated ages suggest carbonate in the thick dune units at North Bay (aminozone A ) part
of the Searles Point Formation, dates to oxygen isotope stage 7; the majority of the units
sampled, from the Neds Beach Formation (aminozone B l ) have an age that falls within
oxygen isotope stage 5 (substages 5a - 5e); and other dune samples from the top of the
Neds Beach Formation (aminozone B 2 ) have an age that lies between the end of oxygen
isotope stage 3 and stage 5 (Table 6.21). T o confirm this racemisation model further
calibration is required by obtaining reliable age data (U/Th, E S R ) for the dune units and
additional samples need to be analysed to give greater confidence in the amino acid mean
D/L ratios. It also appears necessary to obtain reliable radiometric or luminescence ages for
units of aminozone B 2 as the calculated "whole-rock" ages for these units (47 - 69 ka)
suggest a latter stage of carbonate production and deposition. A T L age for one unit (w-r
sample mbqwl)

aminozone B 2 is 90.7 ±21 ka (W1517), but is based on a lower than

standard number of aliquots (12 compared to the normal 28). Nonetheless, this age is
similar to the T L ages of units from aminozone B l (86 ±33 ka - 138 ±21 ka, Tables 5.4
and 5.5). The A A R "whole-rock" ages of units in aminozone B l are similar to the T L ages
(within the T L age uncertainties of la), apart from the North Bay and Big Slope T L ages
(reliability problems for these samples are discussed in section 5.8.7), and support the
interpretation that the bulk of the carbonate on the island appears to have been produced
during or prior to oxygen isotope stage 5. The calculated A A R "whole-rock" ages of the
samples from lagoon vibrocore 9 (6 and 5 ka) agree well with the 1 4 C age of this sediment
(-6 - 4 ka, Table 5.1).
6.13.3 AAR "whole-rock" ages: geomorphological considerations
As discussed above (section 6.7.2), it is possible that the "whole-rock" age and the age of
the dune m a y be quite different. The carbonate grains m a y reside within a marine setting
for a considerable period prior to being reworked into dunes. Also, before lithification, but
a significant period of time after the constituent skeletal carbonate grains have been
produced and delivered to the shoreline, dune deposits m a y experience reworking. Another
relevant consideration is that the A A R age m a y be influenced by the incorporation of older
carbonate derived from coastal erosion of lithified dunes. The "whole-rock" D/L ratios of
beach sediment collected from a number of beaches on Lord H o w e Island reflect the
influence of a proportion of relict carbonate. For example, samples from the northern and
southern ends of Lagoon Beach have A/I ratios of 0.08 and 0.11 and D/L valine ratios of
0.05 and 0.18. This range of D/L ratios is comparable to approximately 6 - 20 ka of
racemisation based on the D/L ratios of shells from southern Australia with a similar
diagenetic temperature history (Murray-Wallace, 1995). However, the sedimentary
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Table 6.21: Preliminary "whole-rock" amino acid age estimates of several beach and dune
units on Lord Howe Island. Age calculations are for mean D/L ratios of isoleucine (A/I) and valine.
The A A R ages are correlated with oxygen isotope stages (OIS; Imbrie et al, 1984).
location
North Bay

Boat ramp

facies &
stratigraphic
unit1
dune, nol

now4

beach, no3

nowl

beach, br4

brwl

sample
no.

mean D/L
age estimates*
isoleucine (A/I) &
(ka)
valine (V) (n)
A/I / valine
A/I: 0.85 ±0.004 (2)
225
V: 0.51 ±0.003 (2)
243
A/I: 0.56 ±0.06 (2)
106
V: 0.35 ±0.03 (2)
106

OIS

amino
zone2

7**

A

5e

Bl

A/I: 0.58 ±0.01 (2)
V: 0.36 ±0.002 (2)
A/I: 0.57 (1)
V: 0.39 (2)

111
114
116
131

5e

Bl

5

Bl

Ocean View3 dune, ovl

ovwl

Signal Point dune,sp2

spw3

A/I: 0.44 ±0.004 (2)
V: 0.25 ±0.001 (2)

61
63

4

B2

Neds Beach

beach, ne9

new8a

Bl

new9*

120
120
55
52

5e

dune, nelO

A/I: 0.59 ±0.02 (3)
V: 0.38 ±0.01 (3)
A/I: 0.40 (1)
V: 0.25 (1)

3

Bl

A/I: 0.49 ±0.03 (2)
V: 0.32 ±0.02 (2)
A/I: 0.45 (1)
V: 0.28 (1)
A/I: 0.38 ±0.01 (4)
V: 0.23 ±0.01 (4)

86
82
69
65
51
47

5

Bl

Middle Beach dune, mb5

mbw5,
mbwl2

dune, mb7

mbwl34

dune, mblOc

mbwc,
mbw5a,
mbwlO

Cobbys
Comer

dune, ccl

ccwl

A/I: 0.52 ±0.01 (2)
V: 0.34 ±0.004 (2)

Lovers Bay

beach, Ibl

lbwl

The Big
Slope

dune, bsl

lagoon
core 12

4
3

B2

96
92

5

Bl

A/I: 0.57 ±0.01 (2)
V: 0.35 ±0.003 (2)

104
112

5e

Bl

bswl

A/I: 0.50 ±0.02 (2)
V: 0.29 ±0.003 (2)

73
84

5

Bl

dune?

lcl2w

A/I: 0.53 ±0.04 (3)
V: 0.31 ±0.01 (3)

80
95

5

Bl

vibrocore 9

lagoon

lv9w

A/I: 0.12 ±0.01 (2)
V: 0.08 ±0.004 (2)

6
5

1

C

Lagoon
Beach

sand from beach

Igbw
A/I: 0.08 ±0.001(2)
(Igbwl, V: 0.05 ±0.01 (2)
lgbw2)

C

*Age estimates calculated using the apparent parabolic racemisation kinetic model of Mitterer and
Kriausakul (1989). Calibration sample, new8a (-120 ka U/Th; -120 ka TL).
** D/L ratios m a y suggest an older age, possibly oxygen isotope stage 9.
1

Stratigraphic units as defined in the long section diagrams of each location in the stratigraphy ch
Aminozones as plotted in Figure 6.20.
'Although two samples were analysed, with good agreement in the amino acid D/L ratios measured, only a
single measurement of A/I was obtained.
4
Single A A R analysis, calculated age is little more than a guide to the likely oxygen isotope stage in
which the carbonate was produced.
2
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architecture of the aeolianite outcrops suggests relatively little reworking of the dune units
prior to lithification. The concordance of the T L ages of dune units at Neds Beach and
Middle Beach with the calculated A A R "whole-rock" age estimates also suggests the dunes
were emplaced shortly after production of the skeletal carbonate sediments. Significantly,
dunes of a size comparable to units evident in the aeolianite have not recently been
deposited on the island, indicating that major periods of dune emplacement are related to
positive sediment budgets rather than the present erosional regime.

6.14 A comparison of racemisation rates in samples from Lord
H o w e Island and marine molluscs from southern Australia
Insights into racemisation kinetics and likely age range of the different samples presented
above m a y also be obtained by comparing these data with the results of past
chronostratigraphic studies from southern Australia. A A R data for several mollusc genera
from Quaternary coastal deposits of southern Australia (Murray-Wallace, 1995), especially
of Last Interglacial deposits (and a smaller range of Penultimate Interglacial deposits) from
diverse latitudinal settings, provide records of racemisation under a wide range of
diagenetic temperatures. W h e n the D/L valine ratios of these samples are plotted against
C M A T , the expected exponential relationship is clearly displayed (Murray-Wallace, 1995,
Fig. 6): D/L ratios plot within a well-defined upcurved envelope. Although there are
taxonomic differences between the southern Australian and Lord H o w e Island samples
(inter genus D/L variability m a y be up to 3 0 % ) , both between the macrofossils and
mollusc-rich "whole-rock" samples, the range of D/L ratios measured in samples from
Lord H o w e Island ascribed a Last Interglacial age (based on the radiometric age of beach
units) should plot within or close to this envelope.
The Placostylus and "whole-rock" samples of likely Penultimate Interglacial age plot
within the envelope of southern Australian samples of oxygen isotope stage 7 age (Fig.
6.22). Similarly, error terms (± la) of the valine mean D/L ratios of "whole-rock" samples
in aminozone B l and marine molluscs samples from Lord H o w e Island, overlap the Last
Interglacial envelope for southern Australian in Figure 6.22. Aminozone B l includes
samples from the Last Interglacial beach unit at Neds Beach, therefore, the racemisation
rate of these samples appears slightly lower than the southern Australian molluscs, likely
due to the taxonomic differences. The mean D/L ratio of Placostylus from the Neds Beach
Formation is clearly below the Last Interglacial envelope, in accordance with the
stratigraphic setting of these protosol units, near the top of the Neds Beach Formation.
Likewise the "whole-rock" samples in aminozone B 2 (Middle Beach M e m b e r and units
from the top of the Neds Beach Formation) plot below (> 2a) the Last Interglacial
envelope, indicating an age younger than oxygen isotope sub stage 5e.
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"whole-rock" aminozone A
(Searles Point Formation)
"whole-rock" aminozone Bl
(Neds Beach Formation)
"whole-rock" aminozone B2
(Middle Beach Member)
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Fig. 6.22: D/L valine mean ratios of Placostylus, marine mollusc and "whole-rock"
samples plotted against CMAT, with D/L valine ratios of marine molluscs of Penultimate
and Last Interglacial age (the two envelopes)fromcoastal deposits in southern Australia
(Murray-Wallace, 1995). The Lord Howe Island samples plot towards the base or below
the envelopes, suggesting both slower racemisation ("whole-rock" aminozone Bl and
molluscs) and ages younger than Last Interglacial (Placostylus and "whole-rock"
aminozone B2). The relatively high mean D/L ratio for sand samples from Lagoon Beach
(0.05) indicates a minor relict component.

The mean D/L valine ratio of samples of sand from Lagoon Beach on Lord H o w e Island is
also plotted on Figure 6.22 to indicate the significant proportion of relict material within
contemporary beach deposits on the island. This D/L ratio is equal to approximately 6 ka of
racemisation as measured in marine molluscs in southern Australia with a similar C M A T
(Murray-Wallace, 1995). Lagoon Beach is presently prograding, while on the erosional
coasts at Middle Beach, Neds Beach and Cobbys Corner beach sediment has even higher
D/L ratios (discussed above).
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6.15 A A R dating of mollusc and "whole-rock" samples: a
summary and conclusions
In this study, the A A R dating method was applied to shells of the terrestrial gastropod,
Placostylus bivaricosus, marine molluscs and "whole-rock" skeletal carbonate grainstone
samples as a means of providing both relative and numerical age determinations. Based on
the racemisation data obtained, the following conclusions can be m a d e regarding the
applicability of the method to these samples, the age of the samples and insights this has
provided into the chronostratigraphy of the aeolianite:
1) A suite of 7 amino acid D/L ratios were measured in 23 Placostylus samples from
outcrops of a prominent protosol at Neds Beach, Middle Beach, the quarry on Middle
Beach Road, Signal Point and Johnsons Beach. The racemisation data exhibit low variance
between shells within each protosol exposure and follow the k n o w n order of relative
racemisation rates, indicating reliable results. In Chapter 3 the protosol exposures at Neds
Beach and Middle Beach were tentatively mapped as one major discontinuity, the Middle
Beach protosol (Neds Beach Formation). Significantly, the Placostylus amino acid data
form a single aminostratigraphic unit, supporting the stratigraphic interpretations and
suggesting the Middle Beach protosol forms an island-wide discontinuity. The age of the
samples appears beyond the range of 1 4 C dating, therefore, the racemisation rates could
not be calibrated for numeric dating. However, the extent of racemisation measured in the
shells is consistent with the age limits indicated by U/Th and T L ages of units bounding
two outcrops of the protosol. The U/Th and T L ages suggest the age of the Placostylus
probably falls within the period defined by oxygen isotope stage 5.
2) At Neds Beach and Middle Beach, 7 Placostylus were analysed from two well-cemented
palaeosols of the Searles Point Formation. The amino acid D/L ratios of these samples
indicate the racemisation data are reliable. The D/L ratios are significantly higher than D/L
ratios measured in Placostylus

from the Middle Beach protosol, providing

aminostratigraphic support for the proposed lithostratigraphic classification of these
outcrops. Based on the T L age of units which bound the palaeosol at Neds Beach, the age
of the Placostylus shells from the palaeosol likely falls within oxygen isotope stage 7. This
age is consistent with the relatively high D/L ratios of the shells. The Placostylus-bearing
palaeosol at Middle Beach has a T L age which also correlates with oxygen isotope stage 7,
although shells from this exposure have higher D/L ratios than samples from Neds Beach
which suggest they m a y be older than stage 7.
3) Marine molluscs from a clearly defined beach facies at Neds Beach and in Lagoon Core
12 have similar D/L ratios to mollusc samples from the low-angle strata of possible beach
origin at Lovers Bay. The shallow-marine deposits at Neds Beach and in Lagoon Core 12
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have U/Th ages of approximately 120 ka. Therefore, the Lovers Bay deposit is likely to
have an equivalent Last Interglacial age. These data provide aminostratigraphic evidence to
support the stratigraphic interpretation of the Lovers Bay outcrop being emplaced during
the Last Interglacial sea-level highstand.

4) A total of 83 "whole-rock" samples from successions at the main study sites were
analysed. Well-preserved samples of an early generation of carbonate production,
represented by the Searles Point Formation, were collected in caves within the aeolianite at
North Bay. T h e A A R data of these samples indicate reliable measurements of the
indigenous amino acids. The amino acid D/L ratios are significantly higher than mean D/L
ratios of "whole-rock" samples from the Neds Beach Formation. D u n e units exposed at
Neds Beach and Middle Beach that are likely to be older than these deposits and also
mapped as part of the Searles Point Formation, were found to be unsuitable for A A R
dating. These samples returned anomalously low D/L ratios. Diagenetic alteration features,
such as recrystallised grains and grain dissolution evident in thin sections of these
outcrops, indicate the aberrant amino acid D/L ratios are most likely due to a considerable
loss of the lower-molecular weight, more-racemised fraction of amino acids.
5) At Neds Beach, samples from units within the Neds Beach Formation, collected from
near-surface settings, also appear to have lost a small proportion of the low-molecular
weight, highly-racemised amino acid fraction. The amino acid D/L ratios of these samples
are significantly lower than the D/L ratios of samples from 1 m into the face of the same
cliffed outcrop. Near-surface and augered samples from Middle Beach and Signal Point
returned similar D/L ratios, indicating little leaching had occurred in the more exposed
section of these outcrops.
6) Whole-rock samples obtained by augering into outcrops of the Neds Beach Formation
have amino acid D/L ratios with low variation between samples from the same unit and
exhibit stratigraphic consistency. The relative racemisation rates of the suite of 7 amino
acids analysed predominantly agree with the k n o w n rates, they are consistent between
samples from the same unit and similarly between units. Therefore, the racemisation data
indicate the indigenous amino acids are well-preserved in these samples and their D/L
ratios were reliably measured.
7) D/L ratios of samples from the Neds Beach Formation form two aminozones which
appear to indicate two generations of skeletal carbonate production. T L and U/Th ages of
the same dune and beach units anlysed by the A A R method suggest the first period of
carbonate production occurred during and shortly after oxygen isotope substage 5e, and
the second phase during the latter part of oxygen isotope stage 5 or possibly stage 4.
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8) Although direct radiometric calibration of the "whole-rock" A A R data has not been
possible, U/Th and T L ages provide indirect calibration. T h e ages calculated are age
estimates - further calibration and replicate analyses are required to better define the
racemisation rates and mean D/L ratios. Nonetheless, A A R "whole-rock" age estimates are
consistent with the stratigraphic interpretations and suggest biogenic sediment in the dune
units of the Neds Beach Formation, which form the bulk of the aeolianite on the island,
have ages that fall in the period between the end of oxygen isotope stages 3 and early stage
5. D u n e units at North Bay, mapped as part of the Searles Point Formation, have an
estimated age that falls within oxygen isotope stage 7. This age estimate is supported by
U/Th ages of a flowstone in the outcrop but in contrast with a T L age that lies within
oxygen isotope stage 5.
9) Several "whole-rock" samples of lagoonal sediment returned amino acid D/L ratios
consistent with the middle to late Holocene 1 4 C age of the sediment. Middle Holocene and
modern samples were discriminated by their aspartic acid D/L ratios. A m i n o acid age
estimates for "whole-rock" samples from Lagoon cores 12 and 13 indicate the age of the
calcarenite that appears to underlie m u c h of the lagoon sediment probably falls within
oxygen isotope stage 5.
This chapter has provided reliable racemisation data which reveal both mollusc and
"whole-rock" samples have ages in agreement with the stratigraphy of the aeolianite
identified in Chapter 3. The aminostratigraphic relationships indicated by both data sets has
helped link units between the disparate aeolianite outcrops. The Placostylus data reveal that
the deposition of dune sediment and the formation of palaeosol horizons occurred during
oxygen isotope stages 5 and 7 and possibly earlier. The marine mollusc and "whole-rock"
data indicate the production of skeletal carbonate sediments during oxygen isotope stage 5
and stage 7 and possibly earlier. The racemisation data agree with and extend the
geochronological insights provided by the A M S
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C , U/Th and T L dating results of

Chapter 5. In Chapter 7, the A A R data will form an important element of an island-wide
chronostratigraphy of the aeolianite.
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Chapter 7: Evolution and palaeoenvironmental records of the
aeolianite

7.1 Introduction
This chapter provides a synthesis of the Quaternary stratigraphy, petrology and
geochronology of aeolianite on Lord H o w e Island in order to identify the m o d e and timing
of emplacement of the dune and beach units. Defining the sequence of sedimentation
recorded by a variety of successions in disjunct outcrops is undertaken utilising
hthostratigraphic, chronostratigraphic and allostratigraphic methods. W h e n compared with
morphological features of the aeolianite and the surrounding submarine platform,
introduced in Chapter 1, the chronostratigraphic findings are found to indicate that sea
level has been a major control on the timing and style of dune deposition. The record of
carbonate sedimentation on Lord H o w e Island is shown to be similar to several major
aeolianite outcrops in southern Australia and on islands in the North Atlantic. N e w
insights into the evolution of carbonate landforms on the island, based on the
chronostratigraphic findings and morphostratigraphic interpretations, are discussed. The
history of carbonate accumulation on the island is then compared to several well-defined
Quaternary coastal dune chronologies from nearby and disparate regions. This comparison
helps to establish the regional and global palaeoenvironmental context of the aeolianite
record of Lord H o w e Island. The chapter also includes an examination of the influence of
theoretical preconceptions in stratigraphic studies of aeolianite. Finally, the major
conclusions of the thesis are discussed and areas for further research are proposed.

7.2 Chronostratigraphy of aeolianite on Lord Howe Island
The chronostratigraphic subdivisions (classification) of the Lord H o w e Island aeolianite
succession, presented below, are based on the findings of detailed morphostratigraphic
lithostratigraphic, allostratigraphic and geochronologic investigations presented in the
preceeding chapters. B y comparing several key measured sections for which reliable
dating results have been obtained, clear chronostratigraphic patterns are identified. The
litho-, alio- and chronostratigraphic findings are summarised in Table 7.1 and Figure 7.1.
The general character of the age determinations and the time-stratigraphic correlations,
details of these correlations within the proposed lithostratigraphic units, and a few
anomalous T L ages are discussed below.
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7.2.1 A g e determinations - differences between dating methods
The various dating methods adopted in this study provide insights into the age of different
facets of the aeolianite units. The U/Th method was applied to corals within beach and
reefal deposits, and to relict speleothems. Where the corals were not in situ, such as in the
beach unit at Neds Beach, the age of the coral clasts m a y be considerably greater than the
age of the beach unit as the clast m a y have been reworked or m a y have resided within the
beach system for a significant period prior to deposition. In contrast, the U/Th ages of the
speleothems are a gross m i n i m u m age for the host aeolianite units - cementation,
hthification and dissolution of the carbonate must occur before calcite derived from the
biogenic carbonate grains can be precipitated from groundwater within caverns in the
aeolianite (Kelletat, 1991). The A A R "whole-rock" and Placostylus racemisation data, 1 4 C
ages, and the U/Th ages all indicate the age of the biogenically produced carbonate
particles or shells, which m a y not equate with the age of the deposit. The "whole-rock"
data m a y reflect a component of reworked particles within the units sampled which are
significantly more racemised than grains produced during the last phase of sedimentation.
In contrast to age measurements of biogenic or secondary carbonates, T L ages provide an
assessment of the duration of burial of the lithicfractionof the sediments. A s indicated for
the "whole-rock" A A R data (sections 6.7.2, 6.13.3), the residence time of sediments in
subtidal and littoral environments prior to their being reworked into dunes, combined with
the possible reactivation of dunes prior to their lithification, suggests T L ages could be
expected to contrast with the age of the biogenically formed sediments.
Notwithstanding the potential complexities involved in determining the age of a deposit
from the various dating methods utilised in the study, both in relation to the nature of the
fraction of sediment being dated and in the application of the methods general agreement in
the age determinations from at least two of the methods for several units (e.g. the beach
unit at Neds Beach: U/Th, T L , A A R "whole rock") indicate that significant insights into
the age of the units have been possible.

7.2.2 Time-stratigraphic correlations between sites
The age of the major lithostratigraphic units mapped on Lord H o w e Island ranges from at
least the Middle Pleistocene to the Late Pleistocene, with a few relatively small Holocene
and modern analogues also examined (Table 7.1). This range in ages is considerably
greater than the generally accepted Late Pleistocene (Last Interglacial and Last Glacial) age
of the aeolianite (Sutherland and Ritchie, 1977; McDougall et al, 1981; Squires, 1963;
Standard, 1963). Numerical age control was achieved utilising U/Th, T L and
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methods. Relative and numerical A A R age estimates provide additional geochronological
insights and, importantly, corroboration of the other methods. W h e n compared between
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measured sections, these data agree with the stratigraphy with only a few exceptions and
provide a reliable temporal framework for the aeolianite (Fig. 7.1).

The chronostratigraphy is discussed below with reference to the major lithostratigraphic
units (Table 7.1). The relative and numerical ages of units identified at key measured
sections in the aeolianite are compared in Figure 7.1. In this figure, between sections, time
lines join units that have been reliably dated. Time lines are also drawn through several
stratigraphic units that have not been dated but that are clearly mapped as stratigraphically
equivalent to the units that were dated. The surficial exposure of the lithostratigraphic units
are displayed in Figure 7.2. This m a p represents a revision of the most recently published
m a p of the island's geology (Department of Mineral Resources, 1987) as it divides the
aeolianite into two formations. Outcrops of members of the Middle Beach Formation
identified in this investigation are also identified on the m a p (Fig. 7.2).
7.2.3 Chronostratigraphy of the Searles Point Formation
Several aeolianite units at Neds Beach and Middle Beach were mapped as part of the
Searles Point Formation. In large-scale outcrops this formation is characterised by heavilycemented and indurated dune units, mostly less than 4 metres thick (although several
extend below present sea level). These units are capped by well-developed, often clay-rich
palaeosols. Similar outcrops examined at Old Settlement Beach, the northern end of
Lagoon Beach, Blinkenthorpe Beach and North Bay were also provisionally assigned to
the Searles Point Formation. Geochronological data obtained for several of these units
(Table 7.1) identifies them as Middle Pleistocene, supporting the interpretation that the
lithic character of outcrops mapped as the Searles Point Formation is primarily a function
of age rather than enhanced diagenesis induced by relatively high rates of groundwater
flow or shoreline exposure (discussed in section 4.6).
At Neds Beach and Middle Beach, Placostylus recovered from two palaeosols returned
D/L ratios significantly higher than protosols stratigraphically above the palaeosols. For
example, shells recovered from palaeosols at Neds Beach and Middle Beach (Searles Pt.
Formation) have m e a n D/L valine ratios of 0.45 ±0.01 and 0.55 ±0.04 respectively,
compared to 0.23 ±0.01 for shells from the Middle Beach protosol (Neds Beach
Formation) at both locations (Table 7.1). T L ages for palaeosols within the Searles Point
Formation at Neds Beach and Middle Beach are also Middle Pleistocene, 274 ±150 ka and
202 ±21 ka respectively (Table 7.1), providing a m i n i m u m age for the dune units
underlying the palaeosols (Fig. 7.1).
Middle Pleistocene U/Th ages were obtained for remnant flowstones deposited in caves
that formerly existed within aeolianite at Old Settlement Beach, 190 +30 -20 ka. Similar
deposits at Searles Point have ages of 240 +45 -30 ka and >350 ka (Table 7.1). These data
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Table 7.1: Chronostratigraphic data of aeolianite units on Lord Howe
rows represent palaeosols and protosols.

Island. Shaded

Lithostratigraphic
unit

Distinctive
lithic
feature

Major
Outcrops
Neds Beach

M

0.18 w-r

~5a

Middle
Beach
Member

weakly
cemented,
white: few
volcanic
grains

Middle
Beach

M

0.21 w-r

-5a

Middle B .
R d , quarry

M

0.25 w-r

91 ±21 T L

N

0.23 P
0.25 w-r

>42 1 4 C
86 ±33 T L

N

0.36 w-r

120+5-10
U/Th
116±18TL
132 ±21 TL

outcrop
features:

Alioformation D/L valine

M B protosol sites 1 - 3
Neds Beach
beach unit

Middle
Beach

M B protosol sites 14-17 0.23 P
N
0.29 w-r
basal dune

Neds
Beach

5e-5a

5e

>4214C
94 ±52 T L
83 ±14 T L

5
5e?

N

0.32 w-r
0.20 P

Middle
Beach R d
Quarry

N

0.27 w-r

North Bay

N

0.25 w-r

5

OldSett.B./ beach unit
boat r a m p

N

0.36 w-r (beach unit)

5e

M

0.25 w-r

M B protosol
moderately
weakly
cemented,
very pale

Age (ka)

8180
stage

Formation brown

Signal Pt
Ocean View
Lodge

M B protosol site 1, pi 0.23 P 41 14C
N
0.29 w-r 151 ±21TL

Johnsons B./ M B protosol site 2, pi
Lovers Bay
beach unit
N
T h e Big
Slope
C o b b y s yellowish
Corner brown: large
M e m b e r % volcanic
grains

5e?

N 0.38
site 2, p2
M

N
M
M B protosol site 2, p2
N

5

14

0.23 P
>42 C
0.25 w-r
0.25 P
0.35 w-r (fossil beach
unit)
0.29 w-r 268±49TL #

0.36 w-r

0.34 w-r

5e
5

Chapter 7: Evolution and palaeoenvironments
Table 7.1 continued

Lithostratigraphic
unit

Distinctive
lithic
feature

Major
Outcrops

outcrop
features:

Alloformation D/L valine

S4

North B a y

Age(ka)

0.51 w-r >95 U/Th
92 ±11
TL

8180

>5

S7
S6
site 4, pi

0.45 P

S5

222 ±30
7
TL
274 ±155 TL

site 5, p2

S4
site 5, pi

S3
site 6, pi

S2

Neds Beach

>350
U/Th

11?

site 7, p2

Si
site 4, pi

0.55 P

202 ±23 T L

7

S4

Searles
Point
Formation

heavily
cemented,
dissolution
features,
yellowish
brown

site 3, pi
Middle
Beach

106 ±18 TL#

site 2, pi
S2
site 1, pi
Si
br site 2, pi
O l d Settlement B . (osb)/
boat r a m p (br)
osb site 4, pi

S4

190 +30-20
U/Th

>7

S3
The table indicates the position of the palaeosols and protosols in prominent measured sections, e.g. site
1, palaeosol 2 (p2).
* M a n y units likely of oxygen isotope stage 5 age lack sufficient chronological or stratigraphic control to
permit them being differentiated into substages of stage 5.
^Probably unreliable T L age, discussed in the text.
N: Neds Beach Alloformation
M : Middle Beach Alloformation
S: Searles Point Alloformations (1-5)
P: Placostylus
w-r: whole-rock
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Figure 7.2: The surficial Quaternary geology of Lord Howe Island. Unpatterned areas are basa
outcrops (McDougall et al, 1981). The Holocene outcrops are based on the geological map of Lord Howe
Island (Department of Mineral Resources, 1987) published by the Lord Howe Island Board.
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represent reliable m i n i m u m ages for the dune units which were the source of the cave
carbonate and dune units upon which the speleothem were deposited. The ages indicate
that the dunes were emplaced at least as early as oxygen isotope stage 7 at Old Settlement
Beach and stage 9 at Searles Point. The U/Th age data indicate that outcrops of the Searles
Point Formation on the west coast have a Middle Pleistocene age comparable to similar
outcrops at Neds Beach and Middle Beach.

At North Bay, whole-rock amino acid D/L ratios of samples from thick dune units in the
northern end of the outcrop (e.g. D/L valine = 0.51 ±0.01), part of the Searles Point
Formation, are significantly higher than those obtained from samples of the low-angle
possibly foreshore beds exposed along the shoreline (eg, D/L valine = 0.35 ±0.03) and
mapped as units of the Neds Beach Formation, suggesting a considerably greater age for
the dune units. Karst features are well-developed in the dune units but absent from the
shoreline exposure, further suggesting a significant difference in the age of the outcrops.
A U/Th age of 95 +5 -10 ka for flowstone composed of carbonate derived from the dune
units (Table 7.1) indicates that deposition of the dunes probably occurred prior to the Last
Interglacial. This interpretation is consistent with the A A R 'whole-rock' data and the lithic
character of the units (Table 7.1), however a T L age for one of the dune units of 92 ±11
ka appears too young. The T L age m a y have been influenced by diagenetic changes in the
aeolianite (discussed below) and appears unreliable. Although the geochronological data
are equivocal, when considered in light of the relative diagenetic maturity of the aeolianite,
the outcrop of thick dune units is provisionally assigned a Middle Pleistocene age.
Geochronological data are lacking for aeolianite exposed at Blinkenthorpe Beach and
Lagoon Beach, mapped as part of the Searles Point Formation, and correlations with the
dated Middle Pleistocene outcrops are based on lithologic characteristics alone. At
Blinkenthorpe Beach exposures are well-cemented and indurated and their relatively dark
colour suggests they have experienced considerable diagenesis, consistent with a Middle
Pleistocene age.
The outcrop at the northern end of Lagoon Beach is heavily-cemented and well-indurated
calcarenite lacking bedding structures and capped by a clay-rich palaeosol. The palaeosol
and yellowish-brown colour of the calcarenite reflects considerable pedogenesis. Calcite
veins within the palaeosol and remnants of a flowstone precipitated on the palaeosol record
a former cave environment in this deposit. These features strongly suggest a Middle
Pleistocene age.
Below the lagoon jetty, between Lagoon Beach and the Lagoon boat ramp, a Jacro drill
core contains a basal shallow-marine facies (~9 m below M S L ; Kennedy in prep.) which
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has stratigraphic and lithologic features characteristic of a Middle Pleistocene age. The
shallow marine sediments comprise two units. The basal unit consists of recrystallised
corals in contrast to well-preserved, aragonitic coral in the overlying unit. Sizeable (up to
2.5 c m in diameter) dissolutional cavities are evident in the basal bed and secondary calcite
has precipitated in several vugs, suggesting a prolonged period of meteoric vadose
diagenesis. In the upper unit, an in situ coral has a U/Th age of 120 +8 -9 ka. These data
suggest the lower coral-bearing unit m a y be Middle Pleistocene and represents part of the
same time-stratigraphic unit as well-cemented dune units at the boat ramp (190 ka, U/Th)
and the palaeosol capped outcrop at the northern end of Lagoon Beach (Fig. 7.1).
7.2.4 Chronostratigraphy: outcrops of the Neds Beach Formation
The bulk of the aeolianite on the island forms the major lithostratigraphic unit called the
Neds Beach Formation, which includes two members, the Middle Beach M e m b e r and the
Cobbys Corner M e m b e r . In general, exposures consist of thick, weakly- to moderatelycemented dune and beach units often with discontinuities marked by protosols. A major
protosol was found to crop out at most sites and is informally called the Middle Beach
protosol, due to good exposures of the protosol being found at the southern end of Middle
Beach. Colours of large-scale outcrops range from white (Middle Beach M e m b e r ) to light
yellowish brown (Cobbys Corner M e m b e r ) , with the bulk of the exposures a very pale
brown (Table Al.l). In thin sections, samples consist of predominantly red algal,
molluscan, micritic and foraminiferal grains cemented by meniscus and patchy pore-filling
micrite and microsparite. Type sites for the formation are located at Neds Beach and
Middle Beach (Fig. 7.1).
At Neds Beach, the Neds Beach Formation consists of a friable to weakly-cemented beach
unit overlain by two thick, weakly-cemented dune units. The beach beds onlap a wellcemented dune unit of the Searles Point Formation (222 ±30 ka T L , Fig. 7.1). At Middle
Beach, the Neds Beach Formation consists of at least four thick, moderately- to weaklycemented dune units separated by weakly-developed protosols. Outcrops of thick dune
units at The Big Slope, Johnsons Beach, Cobbys Corner, Signal Point and North Bay
with similar lithologic characteristics, as evident in large-scale outcrops, and comparable
stratigraphies are also part of the Neds Beach Formation. Within these exposures at
Lovers Bay, between Signal Point and Old Settlement Beach and, less equivocally, at
North Bay, low-angle cross bedding has stratigraphic and sedimentological characteristics
indicative of a beach origin. The mostly moderately-cemented beach beds either onlap
older, well-cemented dune units, or basalt. The beach beds are overlain by one or two
weakly- to moderately-cemented dune units.
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Geochronological data for units of the Neds Beach Formation indicate that the majority of
the units have an age which falls within oxygen isotope stage 5 (Table 7.1). Therefore, the
lithological similarity of the sediments, specifically the level of diagenetic alteration evident
in large-scale outcrops, is broadly representative of a similar age. Beach units were
emplaced during oxygen isotope substage 5e. Most of the dune units which overlie the
beach beds were deposited in this period or later, during substages 5e - 5a and, possibly,
as late as stage 4 or 3 (section 6.13.2). The Last Interglacial U/Th ages of coral clasts from
the beach unit at Neds Beach and the upper reef facies in the drill core from the Lagoon
jetty (both -120 ka) provide reliable chronological markers for the Neds Beach Formation
(Table 7.1, Fig. 7.1). The beach unit at Neds Beach has T L ages (116 ±18 ka, 138 ±21
ka) which are consistent with the U/Th ages. The "whole-rock" D/L ratios of the
moderately- to weakly-cemented skeletal carbonate grainstone above the coral-bearing unit
in core 12, from below the Lagoon jetty, and D/L ratios of "whole-rock" samples of the
beach beds at the Lagoon boat ramp are similar to D/L ratios of "whole-rock"samples of
the beach unit at Neds Beach (Fig. 7.1). These A A R data imply an age for the outcrop at
the boat ramp and the unit sampled in the jetty core (core 12) that lies within oxygen
isotope stage 5.
At Neds Beach, the dune unit overlying the beach beds, part of the Neds Beach
Formation, has a T L age of 86 ±33 ka, while at Middle Beach similar dune units also
mapped as part of the Neds Beach Formation have comparable T L ages of 94.3 ±51.6 ka
and 83.4 ±13.7 ka (Fig. 7.1). The T L ages suggest deposition during oxygen isotope
stage 5. However, the large age uncertainties in these T L ages span oxygen isotope stages
3-6(Table7.1).

There is good agreement in the "whole-rock" D/L ratios of beach units mapped as part of
the Neds Beach Formation at Neds Beach, North Bay, lagoon boat ramp, and Lovers
Bay, with very similar D/L ratios (e.g. mean D/L valine = 0.37 ±0.01, mean AI = 0.58
±0.01, n = 9). The D/L ratios measured in samples of the beach units are significantly
higher than the D/L ratios measured in samples from dune units directly overlying the
beach deposits at Neds Beach and Lovers Bay (e.g. mean D/L valine = 0.27 ±0.02, mean
A/I = 0.42 ±0.02, n = 2 ). Similar exposures of dune units of the Neds Beach Formation at
Middle Beach, Signal Point, the quarry on Middle Beach Road, Cobbys Corner and
Johnsons Beach have D/L ratios comparable to the dune units which overlie the beach
deposits (mean D/L valine = 0.29 ±0.04, mean A/I = 0.45 ±0.06, n =11). The contrasting
D/L ratios suggest that the biogenic carbonate which comprises the dune units was
produced significantly later than the carbonate in the beach units. In contrast, D/L ratios of
the aeolianite at Ocean View Lodge are very similar to the beach units (e.g., valine = 0.38,
A/I = 0.58) and D/L ratios for the basal dune unit of the Neds Beach Formation at Middle
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Beach (bedset 5b, e.g. valine = 0.33, A/I = 0.51) are closer to the D/L ratios of the beach
units than they are to the D/L ratios of the other dune units. Possibly, carbonate which
comprises the dune units at Ocean View Lodges and bedset 5b at Middle Beach was
produced at a similar time to the beach sediments, during the sea-level highstand at
approximately 120 ka. However, the differences in the D/L ratios of all these units are
relatively small and all D/L ratios fall within the "whole-rock" aminozone B l (Fig. 6.20).

7.2.5 Chronostratigraphy: outcrops of the Middle Beach and Cobbys
Corner M e m b e r s
At Neds Beach, Middle Beach and in the quarry on Middle Beach Road, the top dune units
overlie a prominent, fossiliferous protosol mapped as the Middle Beach protosol. Similar
dune cross-bedding is exposed in the quarry at Anderson Road and all exposures were
classified as the Middle Beach M e m b e r of the Neds Beach Formation. These dune
deposits are characterised by very low proportions of volcanic grains (< 1 % ) and little
evidence of diagenetic change or pedogenic colouration. They have a distinctive white
colour in large-scale outcrop in contrast to the very pale brown or light yellowish brown
colours of most dune units below the Middle Beach Protosol. The outcrops are generally
very lightly- to moderately-cemented. In thin sections, samples have a large proportion of
miliolid foraminiferal grains (11 - 1 7 % ) and exhibit predominantly grain-contact micritic
cements with small patches of pore-filMng micrite.

In contrast to exposures on the east coast, on the west coast dune units above and belo
the Middle Beach protosol cannot be clearly differentiated on the basis of the lithic
characteristics of the outcrops. The upper dune units exposed at Cobbys Corner, Johnsons
Beach and Signal Point are similarly lightly-cemented and overlie the Middle Beach
protosol, but have a slightly darker colour (very pale brown - yellowish brown) than units
on the east coast, reflecting a higher proportion of volcanic grains and light-brown cement
(1.5-21%, Table 4.2).
AAR and 14C dating of Placostylus samples collected from the Middle Beach protosol,
directly below dune units of the Middle Beach Member, provide m a x i m u m ages for the
member. At Neds Beach, Middle Beach, Johnsons Beach and Signal Point the Placostylus
have a near background (>35,000 yrs B P ) or infinite (>42,000 yrs B P ) 1 4 C age. The
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dated snails and additional samples from the protosol exposure in the quarry on Middle
Beach Road have nearly equivalent D/L ratios. W h e n these data are grouped, the mean D/L
ratios have relatively small uncertainties (e.g. D/L valine = 0.23 ±0.02, A/I = 0.37 ±0.03,
n = 16). These data suggest that the same prolonged hiatus is recorded at each site.
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In exposures of aeolianite at Middle Beach, Johnsons Beach, Cobbys Corner and Signal
Point, a weakly-developed protosol is evident above the Middle Beach protosol. At
Johnsons Beach, the two protosols are fossiliferous and the lower, better-developed
protosol was interpreted as being equivalent to the fossiliferous protosols at the other sites.
The m e a n D/L ratios of Placostylus in the upper protosol at Johnsons Beach (jbpb, e.g.
A/I = 0.35 ±0.03) and lower protosol (jbpa, e.g. A/I = 0.39 ±0.01) are similar, indicating
a small age difference between the two protosols. Shells from both protosols were
objectively grouped into the same aminozone (Fig. 6.9). These racemisation data from
Johnsons Beach indicate that the last phase of dune emplacement on the island, as
represented by units above the Middle Beach protosol, included a short hiatus during
which weak soil profiles developed.

At Middle Beach, mean "whole-rock" D/L ratios for dune units below the Middle Beach
protosol are significantly higher than the mean ratios of samples from dune units above the
protosol (Table 6.16). The racemisation data for these units were separated into 2 groups
in the hierarchical clustering of the suite of seven amino acid D/L ratios (Fig. 6.19). The
data were also divided into two aminozones based on the D/L leucine and valine ratios
(aminozones B l and B 2 ; Fig. 6.20). However, the m e a n D/L ratios of the two clusters are
not significantly different (Mest, p = 0.16, section A4.2.1). Based on the racemisation
data, the age difference between dune units directly above and below the Middle Beach
protosol is small, possibly < 20 ka, the likely age resolving limit of the method as applied
to samples of Late to Middle Pleistocene age (Murray-Wallace and Kimber, 1989).

The outcrops and ages of the major lithostratigraphic units are displayed in Figure 7.2.
The figure indicates the relatively small exposure of Middle Pleistocene aeolianite units
which constitute the Searles Point Formation compared to outcrops of the Late Pleistocene
beach and dune units of the Neds Beach Formation. The units of the Neds Beach
Formation with distinctive lithic characteristics, the Middle Beach M e m b e r and the Cobbys
Corner M e m b e r , have significant outcrops on the east and west coasts respectively (Fig.
7.2).
7.2.6 Apparently anomalous TL ages
Four of the T L age determinations appear at variance with the lithostratigraphy and
chronostratigraphy. They are marked on Figure 7.1 but have not been incorporated into
the time-stratigraphic correlations. A s discussed in Chapter 5 (section 5.4.4), the lack of
quartz particles of the appropriate size, the diagenetic introduction of silt and clay-sized
sediment into dune deposits and the heterogeneity of one palaeosol unit were considered
the likely causes of these anomalous ages.
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The T L age of a palaeosol in the Searles Point Formation at site 2, Middle Beach (pi,
mb2, Fig 7.1), of 106 ±3 ka, is clearly anomalous given its stratigraphic context and the
T L age of the overlying dune units (Table 7.1).

The TL age of the aeolianite at The Big Slope, 286 ±49 ka, appears inconsistent with the
well-preserved carbonate grains which comprise the aeolianite. It also contrasts with the
"whole-rock" amino acid data, which indicates the carbonate has an age that lies within
oxygen isotope stage 5 (Table 7.1; bsl, Fig. 7.1). Although it is possible this anomalous
age m a y be related to incomplete bleaching of the quartz grains, the introduction of fines
into the aeolianite during diagenesis is considered the most probable cause of what appears
to be a dosimetry problem (section 5.8.7).

At North Bay, a TL age of 92 ±11 ka for a well-cemented dune unit contrasts with the
A A R data for this outcrop, which suggests the carboante has an age that lies within
oxygen isotope stage 7 or 9 (no4, Fig. 7.1). The U/Th age of 95 +5-10 ka for a flowstone
from this outcrop suggests the dune deposit was emplaced prior to the Last Interglacial.
The TL age of the lower dune unit at Signal Point, 151 ±18 ka (sp3/4, Fig. 7.1), appears
older than the age suggested by the well-preserved and lightly-cemented carbonate grains
comprising the unit. T h e A A R "whole-rock" D/L ratios of samples from the unit also
support an oxygen isotope stage 5 age. However, with age uncertainties of two standard
deviations, the T L age falls within the range of the U/Th and T L ages (oxygen isotope
stage 5) of other dune and beach units of the Neds Beach Formation (Table 7.1).

7.3 Allostratigraphy of the aeolianite
A n important aspect of the chronostratigraphic investigation of aeolianite on Lord H o w e
Island is the identification of significant phases of carbonate accumulation on the island,
periods in which deposition occurred at a number of locations. Although two major phases
of sedimentation are apparent in units identified within the lithostratigraphic classification,
the Searles Point and Neds Beach Formations, lithic differences within the formations are
far more subtle. Therefore, within the formations, delineation of island-wide phases of
carbonate sedimentation m a y be problematic as successive units exhibit only minimal
variation in diagenesis despite contrasting ages. Also, there are spatial variations in the
lithic character of the Neds Beach Formation, represented by the Middle Beach and
Cobbys Corner Members, making the correlation of units between locations difficult. T o
help elucidate the timing and number of phases of accretion within the discontinuous
aeolianite outcrops, allostratigraphic classification was employed. This system of
stratigraphic classification is based on the mapping of bounding discontinuities and the
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geographic extension of these discontinuities based on stratigraphic position, lithology
and, where it aids the matcing of well-defined successions, geochronological data
( N A C S N , 1983; discussed in section 3.4). U p to three major allostratigraphic units were
identified at Neds Beach and Middle Beach, named the Searles Point Allogroup, the Neds
Beach Alloformation and the Middle Beach Alloformation (Fig. 7.3). Shorter successions
at several other sites were found to match with one or more of these units (Fig. 7.3; Table
7.1).

Middle Pleistocene aeolianite outcrops at Neds Beach and Middle Beach comprise up to
seven cross-bedded dune units separated by clay-rich palaeosols or well-developed
protosols. In the outcrops examined, these units show little lithic variability and were
classified as one lithostratigraphic formation, the Searles Point Formation. A s the dune
units are separated by well-developed soil horizons, each unit represents a discrete cycle of
sedimentation. Therefore, each unit was classified as an alloformation to indicate its
stratigraphic and palaeoenvironmental significance. The units are named the Searles Point
Alloformations (SI- S7, Fig. 7.3). A s the alloformations are lithologically similar and sit
at the base of the aeolianite succession, they are collectively called the Searles Point
Allogroup ( S A G ; Fig. 7.3a).
At Neds Beach, the ages obtained for the lower succession of dunes indicate they were
laid d o w n approximately 222 ka, the T L age of S5, around or prior to approximately 274
ka, the T L age of the palaeosol capping S4, and before 350 ka, the m a x i m u m U/Th age of
flowstone in S 2 (Table 7.1). The U/Th age of flowstone at the Lagoon boat ramp,
approximately 190 ka, indicates a similar Middle Pleistocene age for dune units on the
west coast, which possibly correlate with S5 and S 4 (Fig. 7.3e). The diagenetically
mature state of the basal aeolianite units exposed at Blinkenthorpe Beach and Lagoon
Beach was adopted as criteria to correlate these units with dune units of the Searles Point
Formation at Neds Beach and Middle Beach (Fig. 7.3b, e).
Carbonate sediments that accumulated in beach and coastal dune environments on the
island during the Late Pleistocene n o w form the aeolianite succession classified as the
Neds Beach Formation. This formation comprises sediments emplaced during the later of
two major phases of carbonate sedimentation on the island, the earlier phase preserved in
dune units of the Searles Point Formation. The successsion of units which form the Neds
Beach Formation record the accumulation of carbonate at several locations, possibly
asynchronously, but within two discrete periods separated by a significant hiatus. The
hiatus is recorded in the aeolianite by the prominent fossil soil horizon called the Middle
Beach protosol. Sediments deposited prior to the hiatus n o w underlie the Middle Beach
protosol and are classified as the Neds Beach Alloformation. The base of this unit is
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marked by terra rossa or brown clay-rich palaeosols or erosional unconformities at the top
of the Searles Point Formation, while the Middle Beach protosol delineates the top of the
unit (unit N, Fig. 7.3a). The Neds Beach Alloformation includes successions of subtidal
and foredune deposits overlain by large dune units (Fig. 7.3A, D, E, F) or successions of
large dune units only. In exposures at Middle Beach, three minor allostratigraphic units are
separated by weakly-developed protosols, often indicated by abundant, relatively fine
rhizoliths. These units record three episodes of rapid dune emplacement, punctuated by
brief hiatuses, and are classified as allomembers (ml - m3; Fig. 7.3). At all sites where
deposits of the Neds Beach Alloformation are mapped, the source of the dune and beach
sediments is seaward of the present coast (section 3.14). U/Th, T L and A A R data indicate
these beach and dune deposits were most likely laid d o w n during oxygen isotope stage 5
(Table 7.1). D u n e units overlie the Middle Beach protosol and are classified as the Middle
Beach Alloformation, representing the last episode of Pleistocene carbonate sedimentation
on the island (Fig. 7.3).

Different provenances are discernible in outcrops of the Middle Beach Allofomation on th
east and west coasts, with dune units comprised of volcanic rich sediments on the west
coast (Cobbys Corner M e m b e r ) , and dune units in which miliolid fragments form a
dominant component (Middle Beach M e m b e r ) on the east coast. The number and size of
units also varies between locations. Based on the position of the Middle Beach protosol
and acomparison of the A A R data from each site, the stratigraphy of these outcrops can be
matched. A second, weakly-developed protosol in the successions exposed above the
Middle Beach protosol at Johnsons Beach, Cobbys Corner and Signal Point, suggest a
longer history of sedimentation than recorded at sites where only dune bedding overlies
the Middle Beach protosol, as seen at Neds Beach, Middle Beach (sites 14 - 19), the
quarry at Middle Beach Road and Cobbys Corner. The poorly-developed character of the
protosol horizons above the Middle Beach protosol points to a short-lived hiatus and the
emplacement of all dune units of the Middle Beach Alloformation within a relatively short
period. At Johnsons Beach, both the Middle Beach protosol and the upper weaklydeveloped protosol are fossiliferous. Placostylus from both protosols were analysed and
the mean D/L ratios for the two units are not significantly different, indicating a small
difference in the age of the snails. Based on the A A R data, the age difference is
considerably less than 20 ka, the likely age resolving limit of the method as applied to
marine molluscs (Murray-Wallace and Kimber, 1989).

7.3.1 Variation in the size of the aeolianite units
A significant feature of the chronostratigraphy of Lord H o w e Island is the apparently small
proportion of sediment that is older than Last Interglacial (oxygen isotope substage 5e,
discussed below). However, North Bay appears to provide some evidence that during past
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periods of carbonate accumulation at least one relatively large dune complex, comparable
to units emplaced after substage 5e, was deposited. Relatively thick Middle Pleistocene
dune units have also been identified on Bermuda (Vacher et al, 1995) and in the Bahamas
(Carew and Mylroie, 1997; Kindler and Hearty, 1997; Hearty, 1998). The North Bay
dunes are perched in a bedrock valley well above the shoreline and m u c h of the internal
drainage in the deposit has been channeled to the margins of the outcrop, probably
enhancing the preservation of the central body of thick climbing dune units.

In studies of sedimentary units that span long periods of geological time, variations in t
relative proportions of units preserved over time appears to be related to the site of
deposition of the sediments rather than major changes in the rates of deposition (Garrels
and Mackenzie, 1971). However, during the relatively short cycles of sedimentation
during the Middle and Late Quaternary recorded in the aeolianite on Lord H o w e Island,
there were significant differences in the volumes of sediment deposited. Although
differences in the relative mass of the units, as assessed by unit thickness, can be related to
differential preservation, the major aeolianite exposures examined comprise units from a
number of depositional phases that are capped by topset bedding and clay-rich palaeosols,
indicating that the original dune morphology, apart from denudational lowering, has been
preserved. These exposures suggest the production of carbonate sediment was enhanced
during the Last Interglacial, oxygen isotope stage 5. This feature of the aeolianite
chronostratigraphy is discussed in more detail in the following section.

7.4 Evolution of aeolianite landforms
Insights into the evolution of the carbonate landforms on Lord H o w e Island can be derived
from the morphostratigraphy, lithostratigraphy and chronostratigraphy of the aeolianite.
The major aeolianiteridge,between Neds Beach and Valley of the Shadows, represents
the bulk of the aeolianite on the island. T o the west, the ridge joins the narrow coastal
plain and in the north the footslope of the ridge connects with a smaller aeolianiteridgethat
extends from Signal Point eastwards towards Neds Beach (Fig. 3.4). The shoreline
outcrops in these ridges reveal the most detailed stratigraphy of aeolianite on the island
(Fig. 7.3a). T h e stratigraphic and geochronologic findings of this study are used to
produce a model of the evolution of carbonate landforms on the island (Fig. 7.4).
The schematic model presented in Figure 7.4a provides an east coast, alongshore
perspective of the development of the main aeolianite ridge. There is considerably less
bedding exposed across the island compared to the shoreline cliffs. However, a composite
cross-sectional perspective of the aeolianite ridge (Fig. 7.4b), is derived from measured
sections on the west coast at Neds Beach and the northern end of Middle Beach; from
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exposures in interior sites at the quarry on Middle Beach Road and surficial exposure in
the base of the main ridge in Stevens Reserve; and on the east coast from the surficial
exposure at the northern end of Lagoon Beach, and the low cliffs at Signal Point, the
lagoon boat ramp, Old Settlement Beach and from sample recovered in core 12 (Fig.
7.4b). Based on the sections measured at these sites and geochronological data for several
of the units exposed in the sections, the model can also describe the development of
aeolianite between the east and west coasts (Fig. 7.4c).

The stratigraphy, morphology and chronology of the outcrops suggest five phases of
landform evolution (Fig. 7.4):

I) Phase I is evident in the basalt land surface preserved below thick aeolianite succes
at Neds Beach and the southern end of Middle Beach (also visible at the northern end of
Blinkenthorpe Beach). In these exposures basalt is capped by a well-developed, darkbrown palaeosol. The palaeosol appears to record a period in the Early to Middle
Pleistocene w h e n there had been a long period during which carbonate was not emplaced
or not preserved on these low-lying areas, prior to the accumulation of carbonate sediment
at these major depocentres.(Fig. 7.4ai, ci).
U) Phase EI was a period in the Middle Pleistocene or earlier in the Quaternary during
which aeolianite was initially deposited (preserved in units of the Searles Point
Formation). Sections of the aeolianite succession that was deposited are exposed between
Neds Beach and Searles Point and at the northern end of the Middle Beach cliffs (Fig.
7.4aii). These dune units are also evident between the lagoon boat ramp and Old
Settlement Beach and at the northern end of Lagoon Beach near Signal Point (Fig. 7.4bii;
similar units were examined at Blinkenthorpe Beach and North Bay). U p to 7 dune units,
possibly spanning 3 or more oxygen isotope stages, overlie the basalt between Neds
Beach and Searles Point and at the northern end of the Middle Beach cliffs. Each dune unit
is capped by a palaeosol or well-developed protosol (Figs 3.18, 3.35). Dip azimuths of
cross-bedding in these outcrops indicate that several of the dune units were derived from
the western side of the island. A drill core (core 12, Figs 7.1, 7.4e) of lithified sediment
underlying lagoonal sediments recovered from the end of the Lagoon jetty reveals a coralrich reefal facies onlapping the basalt bedrock, at approximately 9 m below L A T . A s
discussed previouly (section 3.11.2), this diagenetically mature unit is Middle Pleistocene
as it underlies a well-preserved Last Interglacial reefal unit and records a relatively highenergy littoral environment along the present lagoonal shoreline. It is likely a considerable
proportion of the older aeolianite was eroded during the Middle Pleistocene sea-level
highstand recorded by this unit.
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HI) The Last Interglacial highstand occurred during phase III. Aeolianite was eroded along
the east and west coasts during the highstand of oxygen isotope substage 5e when sea
level was up to approximately 4 - 5 m higher than present, as recorded at Neds Beach and
Old Settlement Beach (section 3.13). It is possible that during this highstand a channel
existed between Neds Beach and the Jetty. At Neds Beach, truncated Middle Pleistocene
dune beds are overlain by foreshore bedding (Fig. 7.4aiii). A similar outcrop is evident at
the Lagoon boat ramp and Old Settlement Beach (Fig. 7.4biii), recording relatively open
ocean conditions on both the west and east coasts. The upper reefal facies in the core from
the lagoon Jetty, from approximately 9 m below M S L , with a U/Th age of 120 +9 -8 ka
(in situ coral), further indicates former higher energy and probably deeper water than the
present at this location. At Old Settlement Beach and Neds Beach, two distinct
depositional phases are evident within the foreshore bedding exposures, with 2 units
separated by an erosional unconformity (also evident in foreshore-like bedding at North
Bay). This sequence m a y record two phases of high sea level or merely a switch from a
progradational to erosional regime. N o beach depositon is recorded at Middle Beach.
However, remnant outcrop of Middle Pleistocene aeolianite at site 8 m a y record shoreline
erosion during the Last Interglacial. At least a few dunes were emplaced during the Last
Interglacial (oxygen isotope substage 5e). Although outcrops exhibiting gradational
changes from beach to dune depositional environments were not found, A A R "wholerock" data show that dune units at Ocean View Lodge and the northern end of Middle
Beach have similar D/L ratios to the "whole-rock" samples of beach units deposited during
oxygen isotope substage 5e (Table 7.1), suggesting coeval depositon.

IV) In phase IV, following a gradual fall in sea level to a position slightly lower than
present, dunes were deposited over oxygen isotope substage 5e beach sediments and
Middle Pleistocene and older Late Pleistocene dune units. At Neds Beach one dune up to
18 m thick was emplaced over the Last Interglacial beach deposit by wind from the east.
At Middle Beach, up to 3 dunes, separated by weak protosols, were deposited from
predominantly the E - N E (Fig. 7.4a iv). These stacked units form the bulk of the main
aeolianiteridge.Considerable erosion of the seaward side of the ridge has exposed this
mostly stacked succession. The steep western flank of the ridge, the elongate form of the
deposit, exposures of laterally continuous truncated foreset bedding in the shore platform
and exposures in cliffs of thick (up to 25 m ) foreset cross-beds suggest m u c h of the
deposit was fed by a source to the east and built up rapidly as a source-bordering
transverse dune complex. Minor reactivations are evident in sections of outcrop in the
cliffs and mobilisation by southerly winds is recorded in a thick dune unit at Valley of the
Shadows (unit mb7, Fig. 3.35). T L ages suggest most of the dunes were emplaced after
the peak of the Last Interglacial, probably later in oxygen isotope stage 5 during substages
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5c and 5 a. However, the uncertainties of the T L ages extend between the end of oxygen
isotope stage 3 and stage 6 (Table 7.1).

Exposures in shoreline cliffs at Signal Point also reveal onshore deposition of dunes
time of lower sea level, with up to three generations of dunes emplaced. These dunes form
much of the low (8 - 10 m ) ridge that extends east towards Neds Beach (Fig 7.4b iv).
Bedding structures suggest a slightly curved transverse dune form. Remnant outcrops in
the lagoon extend below present L A T , while calcarenite was encountered in cores up to 18
m below the unconsolidated lagoonal sediments. The "whole-rock" A A R data from this
core is similar to results from the onshore outcrops and suggest the carbonate was likely
emplaced as dunes when sea level was at least 18 m lower than present. The Middle Beach
protosol caps this succession, marking the end of this major period of carbonate dune
accretion.
V) During phase V, a dune was emplaced over the Middle Beach protosol at Neds Beach
and Middle Beach (Fig. 7.4 a, V ) . This distinctively white-coloured aeolianite was derived
from the N - N E and is termed the Middle Beach Member. At the southern end of Middle
Beach, at least one very weak protosol horizon is evident within the unit. Quarry exposure
on the upper western flank of theridgeon Middle Beach Road, and auger samples from
below the floor of the quarry on Anderson Road reveal that this dune unit forms a major
component of the main aeolianite ridge (Fig. 7.4b). This dune unit represents the final
phase of Late Pleistocene carbonate accretion. A A R "whole-rock" D/L ratios and the 1 4 C
ages of Placostylus show the two upper dune units at Signal Point, overlying the Middle
Beach protosol, were emplaced at a similar time to the Middle Beach M e m b e r (Table 7.1;
Fig. 7.4b, v).
7.4.1 Denudation, changes in SST and geological controls
As shown above in the models of aeolianite evolution on the island, there are major
differences in the volumes of sediment laid d o w n during the depositional phases
identified. In the main ridge between Neds Beach and the Valley of the Shadows only a
minor proportion (<10%) of the 30 - 40 m high ridge appears to be composed of Middle
Pleistocene aeolianite (Fig. 7.4a). Carew and Mylroie (1997) recommend caution in the
assessment of sediment volumes for different phases of dune accretion based on limited
exposures, as aeolianiteridgesoften contain a significant core of older dune units. In this
respect, exposures in quarries and augering undertaken on the main ridge (Fig 7.4b) reveal
much of this deposit consists of Late Pleistocene aeolianite. The far larger volume of
younger aeolianite m a y reflect an increase in carbonate production or changes in wave
energy over this period. Alternatively, a large proportion of the Middle Pleistocene
aeolianite m a y have been eroded subaerially or by waves during the Holocene and earlier

Chapter 7: Evolution and palaeoenvironments

highstands. Aeolianite on Bermuda has experienced denudation rates of up to 5 m per 100
ka (Vacher, 1978). A s environmental regimes on Lord H o w e Island are similar to those of
Bermuda (section 2.5.1), comparable rates of aeolianite denudation are probable for Lord
H o w e Island. The higher sea-levels of the Last Interglacial compared to earlier interglacials
(Chappell et al., 1996; Chappell, 1996), as recorded at Neds Beach (Woodroffe et al,
1995), m a y have produced a relatively more erosive coastal regime with respect to present
sea level and that attained during the Last Interglacial m a x i m u m . The preserved dune
morphology in several older units, often with cappings of clay-rich palaeosols, suggest
they have a high preservation potential. However, within the main aeolianite ridge these
units are only a few metres thick, while the Late Pleistocene units are up to 25 m thick.
The deep sea oxygen isotope record of Imbrie et al. (1984) shows less negative 8180
values for interglacials represented by stages 7, 9 and 11 compared to the Last Interglacial,
suggesting SSTs during the earlier interglacials were not as w a r m as the Last Interglacial.
The East Australian Current supplies w a r m water to the Tasman Sea (section 1.4.1) and
past variations in the strength of the current are likely to have been a major influence on
carbonate production during interglacial or interstadial periods when the platform around
Lord H o w e Island was flooded. These controls on S S T in the Tasman Sea m a y have
significantly influenced both carbonate production on the platform and fringing reef
development around the island and might account for the smaller volume of Middle
Pleistocene aeolianite.

From a geological perspective, a possible change from relatively low to higher carbonate
production around Lord H o w e Island m a y have been related to the northward movement
of the island as part of the Australian plate, at a rate of approximately 67 m per thousand
years (McDougall and Duncan, 1988). A s the island is located at the southern boundary of
reefal waters, a difference in the latitude of the island of the order of tens of kilometres
may lead to lower carbonate productivity if the influence of cooler currents was greater
than present. It is interesting to note that no fringing reef has developed around Balls
Pyramid, a volcanic pinnacle in the middle of a similar though slightly smaller submarine
platform 23 k m to the southeast of Lord H o w e Island. Based on this northward migration
rate, during the Penultimate Interglacial (oxygen isotope stage 7), Lord H o w e Island was
situated more than 14 k m south of its present position, while in the previous interglacial
(oxygen isotope stage 9) it was located more than 20 k m to the south.

7.5 Sea-level and platform controls on aeolianite formation
This section examines the interactions between sea level and platform morphology which
appear to have influenced the development of aeolianite on Lord H o w e Island. Late

Chapter 7: Evolution and palaeoenvironments

Quaternary sea level records and past studies of these types of interactions at a number of
locations are briefly discussed to provide a background to the interpretations proposed for
Lord H o w e Island.

7.5.1 Aeolianite and sea level: A summary of the global record
The geochronological records of major aeolinite deposits from a wide range of locations
suggest, with a few exceptions, that m u c h of the shore-boardering or near coastal
carbonate landforms were emplaced during periods of relatively high sea level. O n the
mid-ocean islands of Bermuda and in the Bahamas, aeolianite was predominantly
deposited as shore-bordering dunes during interglacial periods, for example, during
oxygen isotope stages 9, 7 and substages 5e and 5a (section 2.5.1). Carbonate production
on the shallow submarine platforms surrounding the Bermudan and Bahamian Islands
occurred w h e n sea level exceeded the height of the platforms or banks, approximately 10
m below present M S L . The preserved morphology and stratigraphy of aeolianite on most
of these islands (elongateridgeswith facies gradations from shallow-marine to dune), and
their ages, reveals carbonate sedimentation is limited to sea-level highstands and dunes are
fed from a beach source. This m o d e of emplacement contrasts with earlier theories which
proposed the carbonate was derived from relict platform sediments exposed during sealevel lowstands (Vacher and R o w e , 1997; Carew and Mylroie, 1997; Kindler and Hearty,
1997).
A similar morphostratigraphic framework has been revealed for the elevated, elongate
coastal barrier complexes which form the Coorong aeolianite ranges of southeastern South
Australia (summarised in Belperio et al, 1996; Murray-Wallace et al, 1998). A cutting
though the well-defined Woakwine Range reveals the full stratigraphic architecture of the
Last Interglacial barrier, showing dune units emplaced on and up to 2 k m inland (the width
of the barrier) of the beach source (Murray-Wallace et al, 1999b). In contrast, along the
southern and central coasts of Western Australia and the eastern Mediterranean, significant
aeolianite units were emplaced during glacial periods of low sea level when intense aridity
and strong winds were likely to have prevailed (Fairbridge, 1995; Playford, 1997;
Kendrick etal, 1991; Porat and Wintle, 1995). However, geomorphological evidence
from Western Australia still suggests the bulk of the aeolianite was emplaced during
interglacial high sea levels (Kelletat, 1991), and therefore the glacial age deposits there are
most probably reworked highstand deposits.
7.5.2 Aeolianite and sea level; Lord Howe Island
O n Lord H o w e Island, the dune units which are n o w exposed were predominantly
emplaced as stacked successions and there is a lack of distinct facies changes from beach
to dune in outcrops. However, the present aeolianite outcrop is most likely a small
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erosional remnant, the diminutive nature of which frustrates the unravelling of the true
genetic basis of the facies architecture. For example, significantly more extensive outcrops
could provide morphostratigraphic records of emplacement of the dunes as part of
transgressive or regressive systems tracts. Nonetheless, morphostratigraphic evidence
gleaned from the coastal exposures discussed above (section 7.4) suggests the major
aeolianite ridge on the island was emplaced as a source-bordering, transverse dune. The
ages of several of the dune units in this ridge denote deposition during sea-level
highstands. The timing of dune emplacement has not been clearly linked to particular sealevel highstands as has been possible in the Bahamas and Bermuda. Also, it is possible a
final stage of dune emplacement m a y have occurred as late as oxygen isotope stage 3, as
suggested by the uncertainties in the T L ages and the relatively low D/L ratios of a few
"whole-rock" samples (discussed in section 6.13.1). However, A A R , T L and U/Th data
collectively suggest the bulk of the aeolianite on Lord H o w e Island was probably
deposited during oxygen isotope stage 5 (Table 7.1). Furthermore, the stratigraphy and
D/L ratios of "whole-rock" samples from all the main study sites suggest only two major
phases of dune emplacement since oxygen isotope substage 5e (Fig. 7.1).
The submarine platform around Lord Howe Island (Fig. 7.5a) lies predominantly between
30 m and 50 m below M S L , which is 10 - 30 m deeper than the submarine platforms
around Bermudan and Bahamian Islands. This suggest the relationship between sea level
and the timing of the build up of carbonate on the Lord H o w e Island m a y contrast slightly
with the records of accumulation on the North Atlantic islands. The morphostratigraphic
evidence from the Bahamas, Bermuda and the Coorong coastal ranges of South Australia
indicates a nearby beach source for the large dunes that form aeolianiteridges.Likewise,
given the morphology of the submarine platform around Lord H o w e Island, the source of
the fossil dunes was probably a beach located on the inner half of the platform, within 2 3 k m of the present coast. This implies a sea level no lower than 30 m below present sea
level (Fig.7.5b).

During the last glacial cycle it appears unlikely sea-level highstands other than duri
oxygen isotope stages 5 and 1 have topped the Lord H o w e platform (Fig. 7.5b). Sea-level
highstands after oxygen isotope stage 5, between 70 - 30 ka, have fluctuated between 91
and 38 m below present sea level ( m a x i m u m and m i n i m u m sea levels including a 1 a
error, Chappell et al, 1994, 1996). However, there has been considerable debate over
Last Interglacial (oxygen isotope substage 5e) and interstadial (oxygen isotope substages
5c, 5a) highstands based on the elevation of reliably dated (U/Th) corals, especially from
the North American coast (discussed in M u h s , 1992). Also, Cann et al. (1993) have
proposed sea levels during oxygen isotope stage 3 higher than those suggested by the
H u o n Peninsula data (Chappell and Shackleton, 1986), based on well-dated
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foraminiferalassemblages in cores from Gulf St Vincent, South Australia. The reef terraces
of H u o n Peninsula are large-scale coastal landforms that have been the subject of detailed
stratigraphic analysis and the succession of terraces have been reliably and precisely dated
(TTMS U/Th, Chappell et al, 1996). The Late Quaternary sea-level record preserved in the
terraces, which are located far from the infuence of glacial ice caps, agrees well with the
oxygen isotope data from deep-sea benthic foraminifera (Chappell et al, 1996). For this
reason the H u o n Peninsula sea-level record is adopted in this study as the most appropriate
sea-level record for Lord H o w e Island.

7.5.3 Long-term sediment budgets: erosional vs depositional regimes
The contemporary erosional regime on the open coast of Lord H o w e Island reveals that
sea-level highstands near the present level are characterised by predominantly erosional
regimes rather than deposition of carbonate. This is clearly indicated by shore platforms
cut in Late Pleistocene aeolianite, which appear to have been formed during the last 7,000
- 6,000 years of the present interglacial highstand (Woodroffe et al, 1995). Holocene
beach and dune sediments have accumulated as a series of low foreduneridges(~1 - 3 m
above M S L ) along the Lagoon coast at the southern end of Johnsons Beach, Lagoon
Beach, Old Settlement Beach and North Beach. O n the east coast at Blinkenthorpe Beach
there is a dune barrier up to 6 m high. The dune at Blinkenthorpe Beach m a y be relict
(middle Holocene) as it appears to be experiencing net erosion, although this is difficult to
gauge due to the lowering of a section of the dune as part of the construction of the airport.
Remnant native vegetation indicates it was well-vegetated (coastal heath and palm forest)
prior to recent clearance.

The lack of large active dunes and relatively small outcrops of aeolianite on the island
west coast, at present either fringed by coral reef or composed of basalt cliffs, m a y also
relate to strong erosional regimes prior to reef formation. This coast is the more
'windward' side of the island, with a highly energetic swell regime impacting on the
fringing reef. A drill core from the lagoon revealed that weakly-cemented calcarenite
extends at least 18 m below the lagoon sediments (Kennedy in prep.) and A A R "wholerock" D/L ratios suggest it is of a similar age to most dunes units in the Neds Beach
Formation. Thus, aeolianite m a y form a major core to the back-reef structure, with the
relatively thick, open-framework Holocene reef (Woodroffe et al, 1995) growing out
from and over the former seaward end of the aeolianite. Below the back reef and,
possibly, part of the present reef flat m a y be the remnants of a large aeolianite ridge,
eroded as the sea approached the present level in the Middle Holocene. S C U B A surveys
of the forereef area have also reported exposures of what appears to be aeolianite below
the reef (C. Phipps, pers comm., 1997).
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Stratigraphic records indicate that erosion of aeolianite also occurred during the Last
Interglacial highstand. At Neds Beach, Old Settlement Beach and the lagoon boat ramp,
beach sediments unconformably overlie truncated Middle Pleistocene dune foreset crossbeds (section 3.15). At these sites there was substantial deposition of sediment in an openbeach environment during the Last Interglacial. Stratigraphic and geomorphic evidence
suggests that during part of the Last Interglacial a channel probably existed between Neds
Beach and the Lagoon jetty, separating the North Ridge area from the rest of the island.
Evidence which suggests a former shallow-water passage includes the extent and elevation
(up to +5 m M S L ) of the ancient beach deposits at Neds Beach, the Lagoon jetty and the
boat ramp; the depth of the reefal facies in the jetty core (9 m below the bed of the
Lagoon); and the lack of Middle Pleistocene aeolianite at the northern end of Neds Beach
and at the lagoon jetty.

A relative lack of Holocene or contemporary coastal carbonate sediments is also evident
Bermuda (Vacher et al, 1995). The paucity of coastal sediment on Bermuda m a y be due
to a lag between sea level reaching the present position and offshore sediment production,
the transportation shorewards of this sediment, the accumulation of the carbonate in beach
deposits and ultimately the reworking of this sediment into dunes (Vacher et al, 1995).
However, the Holocene sea-level history of Bermuda is different to that of Lord H o w e
Island, where sea-level has been at or near the present level during the last 6 ka
(Woodroffe et al., 1995). It has also been suggested by Vacher et al. (1995) that the
present morphology of the offshore platform (reefs and terraces) surrounding Bermuda
restricts the amount of sediment capable of being transported to the shoreline. Shoreline
and offshore morphology also seem likely controls on the present negative sediment
budget on the open east coast of Lord H o w e Island.

On the northeast coast of Lord Howe Island most of the shoreline consists of aeolianite
cliffs and bluffs with relatively wide (up to 95 m ) shore platforms. The shore platforms
appear predominantly to have been cut by wave erosion. Subsequently, they have been
colonised by calcareous and non-calcareous brown algae which form mats and terraces
that maintain m u c h of the platform surface at approximately M L W . These biota also appear
to sustain a cliffed seaward margin to the platform. Quite similar platform features have
been described on Rottnest Island (Playford, 1997). Thus, for most of this section of
coast, the shore platforms form a major step in the nearshore profile.
Around Lord Howe Island, offshore gradients (Fig. 7.5b) may not be relaxed enough for
significant volumes of sediment to be delivered to the coast and accumulate in beach
systems. T h e bathymetric chart for the Lord H o w e platform (Royal Australian
Hydrographic Office, 1986; Fig. 7.5a) and recent L A D S aerial bathymetric mapping by
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Figure 7.5: Morphological features of the submarine platform surrounding Lord Howe Island
and Pleistocene shoreline positions, a) Bathymetry of the Lord Howe platform. On the middle
and outer platform, flat topped rises or reefs are indicated. On the eastern side of the
platfrom, inside the outer reefs, depressions are evident which may represent ancient
lagoons.
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the Royal Australian Hydrographic Office reveals details of the morphology of the
platform surrounding the island. Seaward of the open coast and the fringing reef, the
platform gradient is quite steep out to the 20 m isobath and then relatively abruptly
declines, out to depths of at least 40 m off the east coast and 30 m off the west coast. For
example, the approximate gradients of the platform profiles in Figure 7.5b are, for the east
coast: from depths of 0 - 20 m , gradient = 0.0571; 20 - 40 m = 0.0294; and for the west
coast, seaward from the reef crest: 0 - 20 m = 0.0487; 20 - 30 m = 0.0204.

Small sandy pocket beaches have formed at Neds Beach and Middle Beach on a few
sections of the shoreline where shore platforms have not formed or have been eroded.
However, during large storms sand is mostly stripped from these beaches and the cliffs
behind are cut back. There is considerable stratigraphic evidence to suggest that dune
accumulation on the island was related to sea levels lower than present. Outcrops of dune
cross-bedding are visible in the lagoon out from Signal Point and Johnsons Beach to a
depth of approximately 1.5 m below L A T . O n the east coast, at Neds Beach and Middle
Beach, dune foreset cross-beds have been eroded into shore platforms and also extend
seaward below the low-tide level. Offshore from Neds Beach, what is likely dune crossbedding is exposed at a depth of approximately 10 m below M S L ( S C U B A survey:
Phipps pers comm., 1997; Kennedy in prep.). A s described above, weakly-cemented
grainstone recovered in drill cores, probably deposited as dune sediments, extends at least
18 m below the lagoonal sediments.

7.5.4 The significance of outer-platform "reefs"
Major features of the submarine platform beyond the inner 30 m isobath are the elongate,
shallow (depth to 50 m ) trenches off the east coast and discontinuous depressions off the
southern and western coasts (Fig. 7.5). Also, south and west of the island, beyond the
depressions, the platform rises to a depth of approximately 30 m . A similar though
discontinuous, relatively flat-topped rise also exists on the northwestern and eastern
margins of the platform. These low, submarine plateaus m a y represent fossil carbonate
reefs (as suggested by C. Phipps based on S C U B A surveys, pers comm., 1997) or relict
wave-cut platforms in the basalt bedrock. The more continuous form of therisealong the
high-energy southern and southwestern margins of the platform, open to the dominant
southwesterly swell and in a similar orientation to the modern fringing reef, could reflect
the former development of carbonate reef on this section of platform. The overall shape of
these outer terraces or reefs is similar in outline to the large mid-ocean reefs to the north of
Lord H o w e Island, Elizabeth and Middleton Reefs (described in Australian Museum,
1992), although the northern reefs drop off into deep water.
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The extensive rises on the southern and western margins of the Lord H o w e platform
indicates that wave energy levels reaching the southern and western coasts of the island
would be reduced with a fall in sea level. With sea-levels 30 m below present or lower,
very restricted marine conditions would have prevailed inside these reefs (Fig. 7.5a, b).
The discontinuous nature of similar features on the eastern margin of the platform suggests
more open conditions on the east coast of the island during periods of lower sea level.
However, at present the east coast receives less swell than the southwest coast.
Nonetheless, during periods of lower sea level, the eastern coast would likely have had a
markedly higher energy level than the semi-enclosed southern and western coasts (Fig.
7.5). Therefore, more sediment m a y have been transported onto the eastern coast. This
conjecture m a y be supported by the fact that m u c h of the island's main aeolianiteridgeis
composed of sediment derived from the eastern and northern sides of the island (Fig.
7.4b).

Only the northern section of the Lord Howe platform exhibits a relatively regular and l
gradient out to the platform margin, suggesting an open coastal environment during
periods of lower sea level. Although the northern coast is protected from the dominant
southwesterly swell, during lower sea levels any swell from the west to northeast would
have reached this open coast.
With a sea level 10 - 30 m below present a slightly larger island would have been
surrounded by a shallow open bank. A s seen in the Bahamas, shallow platforms are
highly productive carbonate environments and sediment is readily delivered to the coast,
being transported by tides, local waves and swell.
Four shoreline regimes, described below, are proposed to have existed around the island
during the last glacial cycle (Fig. 7.5b). These interpretations are based on the morphology
of the platform, the sea-level record for the period between oxygen isotope stages 5e - 1
(Chappell and Shackleton, 1986; Chappell et al, 1996), and the chronostratigraphy of the
aeolianite (Table 7.1). These regimes m a y be generally representative of shoreline
environments during Quaternary glacial-interglacial sea-level cycles (Fig. 7.5b).

Sea-level phase a
In phase a, during interglacial highstands (substage 5e and stage 1), there was significant
erosion of the Middle Pleistocene and Late Pleistocene aeolianite. The T L ages of several
dune units of the Neds Beach Formation suggest the emplacement of dunes occurred
during oxygen isotope stage 5, but predominantly after substage 5e (Table 7.1). A n age
younger than substage 5e is also suggested by the amino acid "whole-rock" data, with
significantly lower D/L ratios compared to the substage 5e beach units at Neds Beach and
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the lagoon boat ramp (Table 7.1). However, as discussed above, at least a minor
proportion of the aeolianite was deposited during substage 5e. In contrast, voluminous
aeolianites were emplaced on Bermuda and in the Bahaman Islands during substage 5e.
This sedimentation was related to the delivery of abundant carbonate to the shoreline
during a relatively long sea-level stillstand and a regression at the end of substage 5e
(Vacher et al, 1995), or, during a regression between two sea-level highstands during
substage 5e (Kindler and Hearty, 1997). The deeper water that surrounded Lord H o w e
Island during this period m a y account for the apparent difference in the aeolianite records
of Lord H o w e Island and the North Atlantic islands (Fig. 7.5b).
Sea-level phase b
During phase b, large dunes were emplacemed on the island during periods when sea level
was lower than present. A s shown by the morphology of the platform surrounding the
island (Fig. 7.5b), although sea level was lower than present during this phase, it must
have been above the elevation of 'reefs' on the outer platform before carbonate sand
accumulated in beaches and dunes on the inner platform surrounding the present island.
The 'reefs' on the outer platform presently lie at depths of between 20 and 30 m. Sea level
was above these elevations during oxygen isotope substages 5c and 5a (Chappell and
Shackleton, 1986). The numerical ages of aeolianite units stratigraphically above Last
Interglacial beach units span these periods of sea-level highstand. Also, most A A R
"whole-rock" D/L ratios of dune units are significantly lower than the D/L ratios of the
beach units. These data provide some chronological evidence of a major period of dune
emplacement on the island during the interstadial sea-level highstands.
Oxygen isotope substage 5a has been revealed as a major period of dune emplacement in
Bermuda (Vacher et al., 1995) and the Bahamas (Kindler and Hearty, 1997). Likewise,
the Robe Range in southeastern South Australia records the emplacement of large-scale
shore-bordering dunes during both oxygen isotope substages 5a and 5c (Belperio et al,
1996). Sea-level during these periods was approximately 18 m below present M S L
(Chappell and Shackleton, 1986). O n Lord H o w e Island, during this period of high sea
level, the shoreline would have been located on the inner platform where the gradient is
relatively low. Sea level during substage 5a was up to 10 m above the height of the outer
'reefs', indicating little obstruction to the delivery and build up of sediment, within 1 k m
of the present coast, during these periods (Fig. 7.5b). Sea level during substage 5c was
possibly slightly lower, approximately 22 m below the present (Chappell and Shackleton,
1986). This lower sea level would have resulted in the formation of shallow, semienclosed water bodies around the eastern and western shorelines of Lord H o w e Island.
W a v e energy reaching the coast m a y have been reduced, possibly suppressing the rate at
which sediment was transported to the shoreline.
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Sea-level phase c
During phase c, sea level was between 30 m and 60 m below present or lower. During this
period the morphology of the platform indicates shoreline sedimentation was probably
restricted to the outer margin of the platform, seawards of the exposed outer 'reefs'. O n
most of the flooded eastern and western sections of the inner platform (Fig. 7.5a),
sedimentation would have been significantly reduced due to lower wave energy inside the
'reefs' and shallows. With sea level more than 30 m below present, extensive shallow
(<10 m ) enclosed water bodies existed around all but the northern side of the island. As
sea level dropped more than 4 0 m below the present, only the outer platform was
inundated and soil development occurred across an enlarged island. A later phase of
shoreline sedimentation m a y have occurred on sections of the outer platform during the
sea-level highstand of oxygen isotope stage 3, w h e n it rose to approximately 45 m below
present sea level (Chappell et al, 1996; Fig. 7.5b).
Sea-level phase d
In phase d, sea level was more than 60 m below present M S L . In these periods, no coastal
sediment was emplaced on the Lord H o w e platform which experienced subaerial exposure
and the formation of soil. During this period, lacustrine sedimentation m a y have occurred
in the depressions on the central eastern and western sections of platform. Also, stream
incision would have occurred across the platform, although this is not clearly expressed in
the bathymetric chart (Fig. 7.5a).

The interactions between sea-level, platform erosion and carbonate production described
above m a y provide insights into the longer-term evolution of Lord H o w e Island. Darwin's
model of coral reef evolution (Darwin, 1842) describes h o w a volcanic island fringed by
reef will, with subsidence, become enclosed within a barrier reef and eventually form an
atoll. Menard (1986) has also suggested a process whereby volcanic islands m a y evolve
into coral atolls. Menard proposed that volcanic islands which are truncated in cool water
may, with plate motion, m o v e into warmer water and, accompanied with uplift such as
with m o v e m e n t over a mid-plate swell, experience prolific coral growth and atoll
development (Menard, 1986, p. 138). Lord H o w e Island tends to fit certain aspects of
both theories. T h e sub-horizontal platform surrounding the island indicates it has
undergone considerable wave planation, but little subsidence, although the chain of reefs
and guyots to the north of the island, of which it appears genetically related (McDougall et
al, 1981; McDougall and Duncan, 1988), point to future long-term subsidence rather than
uplift. Also, reef has developed around parts of the island while the volcanic edifice is still
being eroded.
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In the context of Quaternary environments, the morphology and chronostratigraphy of
aeolianite on Lord H o w e Island and the morphology of the surrounding platform indicate
that before true atolls can evolve from this type of mid-ocean island the basalt must be
eroded or subside below the height of interstadial sea-levels. Beach and especially dune
carbonate produced during interstadial highstands can anchor on these high points.
Therefore, if the volcanic edifice has not been lowered to this interstadial sea level before
an 'island' enters w a r m water, during highstands carboante dunes and fringing reef will
form at the same time as the volcanic hills are less-effectively eroded.

7.6 Sea level and platform controls on aeolianite allochems
Different phases of sea level can create distinct shallow-marine environments on carbonate
platforms which affect the form and rate of carbonate sediment production. In the
Bahamas, different marine environments are recorded in aeolianite allochems. Sediments
changed from predominantly bioclastic carbonates during phases of relatively low sea level
on the platform, to dominantly oolitic grains as the interglacial sea levels reached their
zenith (Carew and Mylroie, 1997; Kindler and Hearty, 1997).
As in Bermuda, there are no oolitic units on Lord Howe Island and all dune and beach
units are composed of skeletal carbonate and peloidal grainstone. However, the Middle
Beach M e m b e r of the Neds Beach Formation includes thick dune units with a distinct
lithology, evident in large-scale outcrops as a bright-white, weakly-cemented aeolianite. In
thin sections, samples from this unit comprise skeletal fragments in which miliolid
foraminiferal grains represent a major component (15 - 2 6 % ) while volcanic grains are rare
(< 1 % ) . This contrasts with other aeolianite units which exhibit a very pale-brown to
yellowish-brown colour, are composed predominantly of molluscan and red algal grains
with foraminiferal grains a minor component (< 5%), miliolid grains rare or absent, and
volcanic grains forming a c o m m o n to abundant (5 - 2 0 % ) component (Table 4.2). This
compositional difference m a y reflect either changes in the distance the sediments were
transported, with more distal shorelines resulting in a loss of the heavier volcanic grains
and a preferential increase in the readily transported, mesh-like, miliolid grains, or, a
change in the marine environment more favourable to the foraminifera and resulting in the
erosion of less basalt. A s discussed in Chapter 4, these miliolid (Marginoporal) are similar
to other genera c o m m o n to reef and lagoon environments (J. Marshall, pers. c o m m .
1997).
During interstadial sea-level highstands, during oxygen isotope stages 5c and 5a,
approximately 20 m below present sea level, the northeast coast was probably 0.5 - 1 k m
from the present coast. Therefore, sediments that reached the position of the present coast
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are likely to have been winnowed. However, the lack of volcanic grains m a y also relate to
a reduction in wave energy reaching the north and east of the island at this time. A s
discussed above, wave energy reaching the island during these interstadial periods was
probably m u c h lower than at present. Also, the basalt cliffs forming large sections of the
north coast and parts of the northeast coast would not have been subject to wave erosion,
with relatively fewer volcanic grains entering beach systems.

Dune units of the Middle Beach Member were emplaced during the last phase of Late
Pleistocene dune accretion on the eastern side of the island. Foreset bedding dip azimuth
measurements in this unit indicate wind transportation from N to N E of Neds and Middle
Beach. In this region, during oxygen isotope substage 5c and 5a, relatively large, shallowwater (10 - 20 m ) environments would have existed. Therefore, it is possible sediment
comprising the Middle Beach M e m b e r was originally sourced from relatively low-energy,
shallow-water environments, most probably during oxygen isotope substage 5a (Table
7.1).

In contrast to the Middle Beach Member, the Cobbys Corner Member of the Neds Beach
Formation is characterised by a relatively high proportion of volcanic grains
(approximately 2 0 % of grains). Foreset cross-bedding exposed at Cobbys Corner indicate
these units were derived from approximately the S W . Cobbys Corner is located inside the
fringing reef at the narrow southern end of the lagoon. Here, several streams fed from the
volcanic hills flow into the lagoon or into the open sea south of the reef. W h e n sea level
was approximately 20 m below present, the shoreline would be located along what is n o w
the base of the forereef slope. At the same time, wave energy would have been reduced
due to shoaling on the outer 'reefs'. However, this is the windward side of the island and
a relatively exposed beach is still likely to have existed. It appears likely that sediment rich
in volcanic grains, concentrated by stream and wave erosion in placer-like deposits, and
marine carbonate would have accumulated along this shoreline. This type of beach
sediment appears to have been reworked into dunes that are n o w exposed in the aeolianite
cliffs at Cobbys Corner.

7.7 Comparisons with other coastal and marine chronologies
The global palaeoenvironmental context of aeolianite on Lord H o w e Island can be
assessed by comparing the chronology of the aeolianite with a range of well-dated
Pleistocene coastal successions. T o provide an indication of the controls on these phases
of coastal dune building, these chronologies are compared to the long deep-sea oxygen
isotope record of Imbrie et al. (1984) and the relatively detailed eustatic sea-level record
for the past two glacial cycles from the Huon Peninsular (Chappell, 1996; Chappell et al,
1996; Fig. 7.6).
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The reliably-dated luminescence chronologies of several dune successions from southern
and southeastern Australia and western N e w Zealand provide a regional context in which
to assess the Lord H o w e record. The well-preserved morphology and relatively detailed
T L chronology of the emergent aeolianite barriers of the Coorong region of South
Australia reveal shore-bordering dunes accreted during sea-level highstands within
interglacial periods since the start of the Middle Pleistocene (Huntley et al, 1993, 1994;
Murray-Wallace et al, 1996a; summarised in Belperio et al, 1996; Murray-Wallace et al,
1998). U/Th ages of approximately 125 and 100 ka were obtained for a back-barrier
lagoonal facies in the W o a k w i n e Range (Schwebel, 1984), providing an important
radiometric marker for the Coorong chronology. In contrast, T L chronologies of
Pleistocene dunes of the south coast of eastern Australia, from essentially unlithified
siliciclastic dune fields of the N e w South Wales coast, are characterised by the Last
Glacial age of the majority of deposits (Bryant et al, 1994; 1997; T h o m et al, 1994).
Although apparently uncommon, several remnant beach and dune deposits related to the
Last and Penultimate Interglacials have also been identified (Bryant et al, 1997; Roy et
al, 1995). Last Glacial luminescence ages have also been obtained for deposits in coastal
northwestern Tasmania (Duller and Augustinus, 1997) and from the southwestern coast of
the North Island of N e w Zealand (Duller, 1996). These records of dune building during
the Last Glacial suggest reworking of relict coastal dunes or shallow-marine sediments
during the drier, windier glacial period, when sea-level was up to 130 m below present
and the shoreline was tens of kilometres from the present coast. Therefore, these deposits
essentially record continental rather than coastal palaeoenvironments (Bryant et al, 1994;
T h o m etal, 1994).
Records from the North Atlantic aeolianite islands of the Bahamas (Carew and Mylroie,
1989, 1995; Hearty and Kindler, 1993, 1997; Kindler and Hearty, 1995, 1996; Hearty,
1998) and Bermuda (Harmon et al, 1981, 1983; Hearty et al, 1992; Hearty and Vacher,
1994; Vacher et al, 1995) provide relatively detailed records from northern hemisphere
coastal environments which extend to approximately 1 M a (discussed in section 2.5.1).
O n Bermuda, reliable U/Th chronologies of corals and speleothems indicate beach and
reef environments existed during oxygen isotope stages 5 (substages 5a and 5e) and 7
(Harmon et al, 1981, 1983; Ludwig et al, 1996). In the Bahamas, similar deposits have
U/Th ages that fall within oxygen isotope substage 5e (Chen et al, 1991; Carew and
Mylroie, 1987; 1995) and cave deposits indicate high sea-levels on the islands during
stage 7 (Lundberg and Ford, 1994). The U/Th chronologies have been supplemented with
A A R mollusc, "whole-rock" and E S R data on Bermuda (Harmon et al, 1983; Hearty et
al, 1992; Hearty and Vacher, 1994) and A A R mollusc and "whole-rock" data on the
Bahamas (Hearty and Kindler, 1993, 1997; Kindler and Hearty, 1996, 1997; Hearty
1998). These geochronological data indicate the deposition of beach and dune units
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occurred during the sea-level highstands of oxygen isotope substages 5a (shallow marine
units on Bermuda only) and 5e and stages 7, 9 and 11. Older deposits on Bermuda have
also been identified by their "whole-rock" D/L ratios, older than approximately 700 ka and
880 ka (Hearty et al, 1992). These North Atlantic records link the emplacement of coastal
carbonate sediments to interglacial sea-level highstands throughout the later half of the
Quaternary.

The aeolianite chronologies mentioned above are summarised in Figure 7.6. They indicate
coastal carbonate deposits in different hemispheres have preserved a similar record of
coastal sedimentation, controlled by eustatic changes in sea-level. W h e n compared with
these coastal chronologies, the record from Lord H o w e Island shows strong similarities
with the carbonate records from the Coorong region and the North Atlantic aeolianite
islands. However, several of the U/Th ages from Lord H o w e Island represent gross
m i n i m u m ages for the aeolianite units (marked with arrows in Fig. 7.6) as they are the
ages of secondary carbonate precipitated as speleothems that were deposited in caves
formed within lithified dunes. Also, the T L ages of palaeosols indicate the time of
emplacement of the lithicfractionof the palaeosols, which m a y be younger than the dunes
if the lithic fraction is partially derived from an aerosol source (TL; Fig. 7.6). The "wholerock" age estimates are based on the m e a n A/I ratios of "whole-rock" aminozones A , Bl
and B 2 (section 6.13.2), with the calculated age for aminozone B 2 of approximately 50 ka
suggesting production of the carbonate in stage 4 or early in oxygen isotope stage 3.
However, these data are considered preliminary age estimates requiring further calibration
and the T L age of one of these units (91 ±21) suggests deposition during oxygen isotope
stage 5.

Notwithstanding the characteristics of the material dated and the preliminary nature of
"whole-rock" age estimates, the chronology of aeolianite production on Lord H o w e Island
reveals a long record of Quaternary dune accretion. The U/Th and T L ages and A A R
"whole-rock" age estimates reveal that the emplacement of large dunes occurred
predominantly during oxygen isotope stage 5 and beach and reefal environments during
substage 5e. These data show that dunes were also emplaced prior to approximately
oxygen isotope stage 7, stage 9 and before stage 9 (Fig. 7.6). The chronological data
suggest aeolianite on Lord H o w e Island also preserves a record of global sea-level
highstands, albeit in a somewhat complex stacked and lateral succession. This stratigraphy
is similar to the Bahamian Class I islands of Kindler and Hearty (1997). These relatively
high islands are situated on the windward margin of the Bahaman Bank and comprise
vertically stacked dune units deposited during several interglacials.
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Bahamas: Carew and Mylroie, 1995; Lundberg and Ford, 1994; Hearty and Kindler, 1993, 1997; Hearty, 1998.
Coorong, South Australia: Schwebel, 1984; Huntley et al., 1993, 1994; Murray Wallace et al., 1996.
SE Australia: Bryant et al., 1994; 1997; T h o m et ai, 1994. The mean T L ages of discrete periods of dune mobility
are shown.
NE Tasmania: Duller and Augustinus, 1997.
SW New Zealand: Duller, 1996.
Age error terms:
For comparisons with the Bahamas (San Salvador Island) data, the calculation of error terms for the A A R "wholerock" age estimates follow the method of Hearty, 1998.
Bermuda: U/Th ages: 0.005 (TIMS) - 8%; A A R "whole-rock" age estimates: 3 - 11%.
Bahamas: U/Th ages: 8%; A A R "whole-rock" age estimates: 6 - 15%.
Lord Howe Island: U/Th ages: 8 - 19%; T L ages: 9 - 2 3 % , however, large error terms relate to T L ages 273 ka, 57%,
and 94 ka 55%; A A R "whole-rock" age estimates: 9 - 19%.
Coorong: U/Th: 16 - 3 0 % ; T L ages: 5 - 1 3 %
SE Australia: T L ages: 15 - 2 4 %
NE Tasmania, S W N e w Zealand: OSL/IRSL, 4 - 7 %

Figure 7.6: A comparison of the geochronology of well-dated coastal dune units in Pleistocene
aeolianite and siliciclastic deposits with the aeolianite record from Lord Howe Island. These d
are compared with the sea-level record for the last two glacial cycles from Huon Peninsula
(Chappell et al., 1996) and the deep sea oxygen isotope chronostratigraphy (Imbrie et al., 1984) for
the last 500 ka. Aeolianite on Lord Howe Island appears most similar to successions which record
dune emplacement during predominantly interglacial high sea-levels, rather than the 'continenta
successions of Middle and Late Pleistocene coastal deposits that have been reworked during
glacial periods. Error terms of the ages (listed above) are not plotted to improve the legibility
the figure.
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7.8 Hermeneutics and stratigraphy
It has been argued by philosophers for several decades that science does not only consist
of one clearly defined set of logical procedures, that is, science does not possess one
clearly defined method, and that science is not the only means of understanding or
interpreting reality (e.g. Popper, 1953). However, it w a s not until recently that
philosophers such as K u h n (1970) described h o w knowledge cannot be separated from
human interest by claiming that selection between competing paradigms was not based on
evidence but on other criteria that are subjective, like the 'promise' shown by the paradigm
or by intuition. Descriptions of phenomena were shown to vary depending on the types of
questions asked, the criteria used and the goals of the research, and the practice of science
was found to involve a multiple dimensional approach to knowledge and experience. More
recently, Frodeman (1995) has highlighted the interpretive and historical characteristics of
the Earth Sciences. Frodeman describes h o w geological reasoning always involves an
interplay between what is observed and the presuppositions and expectations of the
observer, the hermeneutic cycle. Vacher and R o w e (1997) have shown that this theory of
interpretation, which says that "facts" can never be completely independent of
presuppositions and expectations, has influenced the development of interpretations of the
stratigraphy of aeolianite on Bermuda.
Hermeneutics suggests that forestructures or prejudgements are brought into geological
investigations (Frodeman, 1995). In the history of geological studies of Bermuda, Vacher
and R o w e (1997) found that the primary forestructure has been preconceptions regarding
the glacio-eustatic control on aeolianite formation, the dominance of Milankovitch cycles
in the stratigraphic record and the concept of Antarctic ice surges leaving an imprint in
shoreline deposits. These forestructures have provided the basis upon which fundamental
interpretations have been produced. For example, Sayles (1931) linked phases of dune
accretion with theories of glacial cycles (although incorrect in his interpretation of
aeolianites as glacial deposits) to provide the basis for all subsequent work on the
Quaternary stratigraphy and sea-level history of Bermuda (Vacher and R o w e , 1997). A
similar theoretical leap was provided by Field et al. (1931) for the interpretation of the
stratigraphy of aeolianite in the Bahamas (Carew and Mylroie, 1995). However, certain
preconceptions have provided unproductive influences on Quaternary studies of Bermuda.
For example, narrow interpretations of inconclusive sedimentary structures (e.g. lowangle bedding in shoreline outcrops as being definitely shallow marine deposits) and the
strict linkage of sedimentary units to Milankovitch cycles without due regard to possible
neotectonic influences (Vacher and R o w e , 1997).
Hermeneutic forestructures also include an individual's goals and expectations of
acceptable answers in an inquiry and what a legitimate object of inquiry is, and the tools
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applied to the object of study which can shape the character of the information that is
collected (Frodeman, 1995). A n unproductive goal in stratigraphic studies of Bermuda
was correlating succession on the basis of inferred sea-level - the stratigraphy thus
proposed could not be reconciled with the subsequent results of detailed mapping,
emphasising the fundamental importance of lithostratigraphy (Vacher and R o w e , 1997).
The detailed stratigraphy of Bermuda was revealed by proving stratigraphic relationships
of all units based on measured sections and not on the inferred sea-level history at disjunct
sections. T h e tools applied on Bermuda have also influenced the interpretation of the
stratigraphy. T h e application of U/Th and A A R dating techniques extended the known
time-frame of depositional events on the island and provided insights into stratigraphic
relationships that could not be mapped (Vacher et al, 1995; Vacher and R o w e , 1997).
Past studies of aeolianite on Lord Howe Island have been similarly flavoured by
presupposition and expectations to both expand and restrict geological insight. The
preconceptions of Etheridge (1889) were derived from the work of Nelson (1840) Darwin
(1851) and D a n a (1872) and were not influenced by glacio-eustatic theories, but rather
theories incorporating island tectonism. Etheridge m a d e the important insight that small
relative changes in sea level could considerably influence the island's carbonates, with a
slight relativerisein sea level resulting in the erosion of the outcrop or a slight fall leading
to another phase of dune accretion as reefal sediment was reworked (Etheridge, 1889).
In contrast, the more recent studies of Standard (1963), Squires (1963), Mattes (1974)
and Sutherland and Ritchie (1977) were couched in the presuppositions and expectations
provided by the theory of dune accretion during glacial sea-level lowstands (Sayles,
1931). The nature of the tools that were adopted or relied upon in these studies has also
shaped the type of information that was available to these geologists. The application of
14

C dating to aeolianite on Lord H o w e Island is a constraint in these studies that has

obviously restricted the time-scale of interpretations of the evolution of the aeolianite.
Possibly, an even greater limitation in these studies has been the interpretation of
stratigraphic relationships of units within and between the major exposures based on a
quite limited amount of sectioning and tracing out of discontinuities and bedsets. Gaffney
(1983) noted the lack of stratigraphic control for the aeolianite units and was able to
interpret the general depositional environment of the aeolianite on Lord H o w e Island with
the aid of the useful presuppositions provided by the work of Bretz (1960), Land et al.
(1967), Vacher (1973) and H a r m o n et al. (1978) on Bermuda. However, although
Gaffney drew on these insightful papers to inform his general impressions of the nature of
the aeolianite, his interpretations of the stratigraphy of a Meiolania site at Old Settlement
Beach suffer from a lack of detailed mapping and chronological control. Gaffney's (1983)
interpretation of cemented basalt boulders, beach laminae and steeply-dipping foresets as
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contemporaneous deposits representing a facies change from beach to backbeach to dune,
as often reported for Bermuda, are not supported by the mapping results presented in
Chapter 3 of this thesis.

The particular set of tools (methods), concepts and expectations (the examination of past
studies) and values (e.g. interpretations of structural elements of outcrops at a range of
scales) which characterise a hermeneutic science, that have been brought to this
investigation have provided considerable insights into the Quaternary stratigraphy and
geochronology of Lord H o w e Island. A cautious approach warrants some critical
reflection on the contextual setting of this thesis to assess the influence of these tools,
concepts, expectations and values on the stratigraphic interpretations. This begs questions
such as: has there been an over application of the 'Bermuda model' of aeolianite
stratigraphy?; have the tools adopted provided direction in the interpretations that cannot
be sustained?; for example, the A A R , T L and U/Th results hold only for the units
analysed, further analyses or methodological advances m a y provide contrasting data. A n
aspect of this study which has provided some check on the preconceptions brought to it is
the consideration of different m o d e s of aeolianite formation. Chamberlain (1975, first
published in 1890) first proposed the application of "multiple working hypotheses" in
geological research to provide a check on preconceptions inherent in theories which m a y
promote biased field interpretations or sampling strategies. Although this approach was
criticised by S c h u m m (1991) as possibly representing "multiple competing prejudices" it
appears appropriate to investigations of aeolianite which past studies have shown m a y
relate to 3 main m o d e s of emplacement: deposition as shore-bordering dunes during
interglacial sea-level highstands; relict shallow-marine or shoreline deposits reworked
during glacial periods or, a complex history of emplacement including deposition as nearshore deposits during sea-level highstands within glacial periods of lower sea level
(discussed in Chapter 2). In this thesis, given the considerations of these different modes
of aeolianite genesis, the wide range of previous studies of aeolianite that are examined,
the detailed field mapping and the broad application of four dating methods, the
interpretations of the stratigraphy of aeolianite on Lord H o w e Island appear reliable.

7.9 Conclusions
In most of the literature on the geology of Lord H o w e Island it has been suggested that the
aeolianite w a s formed by the reworking of carbonate sediment on the platform
surrounding the island w h e n it was subaerially exposed during or around the time of the
Last Glacial M a x i m u m (Standard, 1963; Squires, 1963; Mattes, 1974; Sutherland and
Ritchie, 1977; McDougall etal, 1981). Chronostratigraphic findings presented in this
thesis provide strong evidence that the aeolianite landforms on Lord H o w e Island were
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emplaced considerably before the Last Glacial M a x i m u m . In fact, aeolianite appears
related to high sea levels, being deposited w h e n the platform is flooded. During
highstands, a heterozoan carbonate provenance developes on the platform. Carbonate
sediment subsequently accumulates on beaches before being reworked into dunes.

By examining the stratigraphy of the aeolianite in some detail this study has revealed t
long sedimentary record preserved in these sediments, necessitating a revision of the
generally accepted Quaternary stratigraphy of the island. Petrological and
geochronological investigations of the aeolianite also support a m u c h longer sedimentary
history for the island.

Insights into the Quaternary palaeoenvironments and evolution of Lord Howe Island have
been gleaned through investigations of the stratigraphic architecture, lithostratigraphy,
petrology, chronostratigraphy, allostratigraphy and the global palaoenvironmental context
of aeolianite on the island. The key findings of the thesis are presented in the following 6
points:
1) Depositional environments - shallow marine deposits
Although the bulk of the aeolianite was emplaced as dunes, a number of outcrops have
been identified as beach or bar deposits. These interpretations are based on the
sedimentary structures, at a range of scales, evident in these exposures. Shoreline
outcrops at Neds Beach, Old Settlement Beach, the lagoon boat ramp, Lovers Bay and
North Bay exhibit bedding structures typical of beach deposits, suggesting depositional
settings ranging from shoreface to foreshore or bar and possibly foredune. Shoreface
deposits at the Lagoon boat ramp consist of cosets of relatively thin (0.5 - 1.5 m ) foreset
crossbeds, with onshore bed-dip azimuths, which grade up into low-angle, offshoredipping laminae interpreted as a foreshore or sand bar deposits. Foreshore bedding
contains swash-aligned structures and swash runnels, and at Old Settlement Beach and the
boat ramp, w o r m tubes typical of a subtidal environment. Large coral clasts and small
molluscs were found in the outcrop at Neds Beach and mollusc-rich gravelly sand was
examined in the low angle beds exposed at Lovers Bay.

At North Bay, the interpretation of beach rather than dune bedding was less unequivocal.
However, the two bed sets of low-angle, laterally continuous, seaward-dipping laminae
separated by an erosional unconformity and exposed along the present eastern shoreline of
North Bay to an elevation of approximately 4 m above M S L are very similar to the beach
deposits exposed at Neds Beach and Old Settlement Beach.
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2) D u n e structures a n d forms - source-bordering dunes
At most sites examined, thick (mostly 4 - 20 m ) sets of foreset cross-beds record the rapid
emplacement of large dunes. Bedding structures which suggest the dunes were deposited
in a coastal environment include: foreset cross-bedding which indicates predominantly
effective onshore or alongshore winds on both the east and west coasts; slump structures
in the foreset beds indicative of a moist depositional environment; and extensive exposures
of truncated bedding at Middle Beach, Signal Point and Johnsons Beach which reveal
transverse dune forms with some parabolic lobes.

At Middle Beach, up to seven major cross-bedded dune units are exposed in the aeolianite
cliffs. These units are separated by palaeosols or protosols indicating that the units
represent discrete phases of dune emplacement. Ubiquitous rhizoliths and fossil tree
trunks within the dune units at Johnsons Beach and Middle Beach show the dunes were
emplaced over well-vegetated surfaces. Successions similar to those at Middle Beach are
exposed in cliffs at Neds Beach and less extensive successions at North Bay, Signal Point
and Johnsons Beach. In most outcrops both foreset and topset bedding is discernible,
indicating the original dune structure is preserved.
Between Neds Beach and The Valley of Shadows, an aeolianite ridge rises 40 m above
and parallels the eastern shoreline. The western flank of theridgehas a very steep gradient
while a remnant of the eastern flank, evident in a headland at Middle Beach (sites 1 - 2),
displays a low gradient. This difference in grade is typical of windward and leeward faces
of a dune. C o m b i n e d with the shore-parallel orientation of the ridge, it suggests
emplacement of m u c h of this carbonate as a source-bordering transverse dune. A similar
dune orientation is seen in a laterally extensive exposure of truncated foreset bedding in
the shore platform at Middle Beach. Laterally extensive exposures of truncated crossbedding at Johnsons Beach and Signal Point also display significant curvature, indicating
the development of parabolic lobes within the transverseridges.In the cliffed outcrops at
Middle Beach, several troughs and relatively thin sets of cross-bedding, with foreset
bedding orientations in opposition to the large bedsets, represent minor blowouts and
reactivations in the dunes. Exposures of aeolianite at North Bay, The Big Slope and
Blinkenthorpe Beach record the emplacement of climbing dunes on the steep basalt slopes.
At North Bay, these dunes were rapidly emplaced under strong southerly winds, infilling
a valley in the flank of the basalt ridge.
3) Lithostratigraphy - two formations
T w o major lithostratigraphic units were mapped, the Searles Point Formation and the
Neds Beach Formation. The Searles Point Formation includes the older dune units
exposed in the base of the cliffs at Neds and Middle Beach, between the lagoon boat ramp
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and Old Settlement Beach and at the northern end of Lagoon Beach. These outcrops are
characterised by their relatively dark colour (light yellowish brown), heavy cementation,
strong lithification, clay-pot karst structures, caves and speleothems and by the clay-rich
palaeosols which cap several dune units. In thin sections, samples from these outcrops are
composed predominantly of calcareous red algal, micritic and molluscan grains. They are
heavily cemented by pore-filling sparite and some microsparite, which infills most voids.
Numerous grains are recrystallised some replaced by sparite and microsparite. Solutional
voids are also evident.

Beach and dune units classified as the Neds Beach Formation are weakly- to moderatelycemented, weakly lithified and have a lighter colour (white - very pale brown) than the
Searles Point Formation. Thin sections of these units show they are predominantly
composed of calcareous red algal and molluscan grains and lightly to moderately cemented
by predominantly microsparite and micritic grain contact and meniscus cements, with
some patchy pore-filling microsparite and micrite. Unlike aeolianite from m a n y other
regions, apart from incipient layers in very localised patches, calcrete was not a feature in
exposures of the Neds Beach Formation. The lack of calcrete appears to reflect the longterm absence of distinct seasonal aridity on the island and is in marked contrast to the
aeolianite of southern Australia.
The Neds Beach Formation represents the large majority (> 80%) of the aeolianite
exposures. It includes all units which crop out above the Searles Point Formation in the
main ridge between Neds Beach and Valley of the Shadows, outcrops in the Signal Point
area as well as disjunct outcrops at Blinkenthorpe Beach, T h e Big Slope, Johnsons
Beach, Cobbys Corner and North Bay. T w o members have been formally classified, the
Middle Beach M e m b e r and the Cobbys Corner M e m b e r . The Middle Beach M e m b e r
consists of thick cross-bedded dune units composed of white, lightly-cemented carbonate
grains. Thin sections show miliolid foraminiferal grains form a major component of this
aeolianite, while volcanic grains are rare. The grains are cemented by micritic grain-contact
and meniscus cements and patchy pore-filling micrite and microsparite. The Middle Beach
member extends along the main ridge between Neds Beach and Middle Beach and to the
western flank of theridge.The Cobbys Corner M e m b e r consists of dune units composed
of yellowish-brown, weakly to moderately-cemented carbonate and volcanic grains. Thin
sections reveal volcanic grains represent a major proportion of the deposit. The Cobbys
Corner M e m b e r is also characterised by patchy pore-filling microsparite and distinctive
light-brown micritic clay-rich grain-contact and pore-filling cements. It is well-exposed in
the low aeolianite cliff between Cobbys Corner and Lovers Bay.
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4) Chronostratigraphy - Middle and Late Pleistocene (stage 5) deposits
Chronological determinations, using a range of methods, provide relative and numerical
ages for various fractions of a range of units in the aeolianite. Although all methods have
limitations and in some instances difficulties were encountered in their application, the
combination of at least two dating methods for m a n y of the units analysed provides
reliability in the age assessments.

Searles Point Formation
A number of U/Th ages were obtained for relict speleothem that formed in dune units of
the Searles Point Formation. These samples have ages which range from Middle
Pleistocene to Late Holocene. Flowstone samples from Searles Point have ages which
range from approximately >350 - 205 ka. Flowstone from the lagoon boat ramp is
approximately 190 ka. Several speleothems from North Bay were dated. A range of Late
Pleistocene and Holocene ages were obtained for these deposits: up to approximately 95
ka for a thick flowstone, up to approximately 36 ka for a large stalactite and approximately
31 ka and up to 3 ka for two stalagmites. Well-preserved aeolianite from caves in which
the large stalactite was collected have whole-rock D/L ratios consistent with an age of at
least oxygen isotope stage 7. The D/L ratios of Placostylus from palaeosols at Neds Beach
and Middle Beach indicate the ages of the snails lie within oxygen isotope stage 7 and
stage 7 or 9 respectively. T L ages of approximately 222 ±28 ka for a dune unit at Neds
Beach and approximately 274 ±155 ka and 201 ±19 ka for palaeosols at Neds Beach and
Middle Beach respectively, also support a Middle Pleistocene age for the Searles Point
Formation.

Neds Beach Formation
Numerous U/Th, T L , A A R (Placostylus and "whole-rock") and 1 4 C age determinations of
aeolianite, palaeosol, Placostylus, coral and marine mollusc samples strongly indicate an
age which lies within oxygen isotope stage 5 for the bulk of the island's aeolianite, the
Neds Beach Formation. The U/Th ages of corals and the T L ages of the quartz-rich
fraction of samples from the beach unit at Neds Beach were essentially in agreement and
show that this unit was emplaced during oxygen isotope substage 5e, approximately 120
ka. Coral from a reefal unit below the lagoon jetty near Signal Point also returned a U/Th
age of approximately 120 ka. D u n e units above the beach unit at Neds Beach and dune
units at Middle Beach and the quarry on Middle Beach Road returned T L ages younger
than the beach unit, ranging from approximately 98 - 83 ka, although the age uncertainties
of the beach and dune units overlap. A dune unit at Signal Point yielded an older T L age
(151 ±18), though similar to the beach unit at Neds Beach within the age uncertainties,
especially with uncertainties of 2 standard deviations (187 - 115 ka). A A R "whole-rock"
data for these units support an age for the units that lies within oxygen isotope stage 5.
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These data also indicate a small age difference between most dune units of the Neds Beach
Formation.

14

C dating of Placostylus samples from exposures of a well-developed

protosol, the Middle Beach protosol, near the top of the formation at several sites, reveals
the age of the shells is near to or beyond the limit of the method (-42 ka in this study).
Amino acid D/L ratios of the same shells dated by the 1 4 C method suggest an age for the
shells that lies within oxygen isotope stage 5, indicating the finite 1 4 C ages (35 - 41 ka) of
a few shells represent contamination of the samples by minute amounts of carbon with a
modern 1 4 C activity.
5) Allostratigraphy - several generations of dunes
Allostratigraphy provides a means of correlating disjunct aeolianite outcrops and thereby
classifying the major pan-island phases of carbonate sedimentation. The aeolianite was
found to comprise up to 9 alloformations (Neds Beach, Fig. 7.3). The number of
alloformations exposed varies between sites, with the most comprehensive exposures on
the east coast at Middle Beach and Neds Beach. At Neds Beach, 7 alloformations were
identified in the base of the aeolianite succession. In a similar setting at Middle Beach, 4
allofonnations are exposed. These relatively thin, heavily-cemented dune units (part of the
Searles Point Formation) were classified as the Searles Point Alloformations, numbers 1 7, to indicate they represent successive discrete phases or pulses of carbonate
sedimentation and subsequent pedogenesis. T w o of these alloformations are evident on
the west coast between Old Settlement Beach and Lagoon Beach, and one is exposed at
North Bay. These alloformations were grouped into the Searles Point Allogroup as they
represent discreet early phases of dune building during the Middle Pleistocene and
possibly earlier.
Above the Searles Point Allogroup, two major units are discernible, the Neds Beach and
Middle Beach Alloformations. The Neds Beach Alloformation crops out at all sites
examined. It comprises beach deposits and most of the thick dune units on the island. This
alloformation likely spans the time period represented by oxygen isotope substage 5e
through to the later part of stage 5, with most dunes probably emplaced during substages
5c or 5a, w h e n sea-level was approximately 20 m below present. The top of the
alloformation is capped by the Middle Beach protosol. Above the Middle Beach protosol
is the Middle Beach Alloformation, which represents the final phase of Pleistocene
carbonate sedimentation on the island. Exposures of this alloformation occur at all the
main sites except North Bay. Although there is equivocal chronological data for this
alloformation, it most probably represents dune emplacement at the end of oxygen isotope
stage 5, probably substage 5a.
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6) Global palaeoenvironmental context - interglacial, eustaticallycontrolled sedimentation
The chronostratigraphy of m a n y of the world's major aeolianite coasts suggests largescale dunes were emplaced during interglacial sea-level highstands. A few outcrops
indicate reworking or, less likely, initial emplacement of dunes during glacial periods
when sea-level was far lower. The chronostratigraphic insights into aeolianite on Lord
H o w e Island provided in this study point to the dunes being emplaced during interglacial
periods, most probably in times of relatively high sea-level. During the Last Interglacial,
these high sea levels occurred during oxygen isotope substages 5e, 5c and 5a. However,
the record of carbonate sedimentation on the island shows some contrast with the wellstudied aeolianite islands of Bermuda and the Bahamas. The relatively voluminous
aeolianite units exposed on Lord H o w e Island appear to have been emplaced when sea
level was significantly lower than the peak of the Last Interglacial, possibly during the
interstadial highstands which occurred during oxygen isotope substages 5c and 5a. Peak
interglacial highstands, equal to or a few metres above present sea level, such as substage
5e, appear to have been periods of shoreline erosion, with the emplacement of beach
deposits andrelativelysmall dunes.

On the Bahamas and Bermuda, during the last glacial cycle the bulk of the dune units wer
emplaced during the peak of the Last Interglacial, oxygen isotope substage 5e. This
contrast in cyclical sedimentation between Lord H o w e Island and the North Atlantic
Islands appears a product of differences in the depth of the submarine platforms
surrounding most of these islands. The platform around Lord H o w e Island is
approximately 10 - 30 m deeper than the banks and platforms surrounding islands in the
Bahamas and Bermuda. A s a consequence, at Lord H o w e Island, interstadial highstands
appear to have created conditions more effective for the delivery of large volumes of
sediment to the shoreline, which was reworked into dunes.

7.10 Further work
To provide greater resolution in the chronology of the aeolianite and expand the
palaeoenvironmental records and geomorphological insights, four additional research
topics are proposed: 1) drilling through the main aeolianite ridge; 2) U/Th (TIMS) dating
of Placostylus; 3) analysis of stable isotopes in speleothems; and 4) further investigations
of the palaeoenvironment records preserved in palaeosols.
1) Onshore drilling: Obtaining drill core through the main aeolianite ridge behind Neds
Beach and Middle Beach m a y provide additional insight into the internal structure of the
ridge and help link the successions exposed on the east and west coasts. It m a y also
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provide samples for both luminescence and A A R dating, possibly samples of the Middle
Pleistocene units from this deposit suitable for A A R "whole-rock" dating.

2) U/Th (TIMS) dating of Placostylus: Using the TIMS method of U/Th dating it is
possible to successfully date well-preserved land snails (e.g. Hillaire-Marcel et al, 1995).
Obtaining reliable numerical ages for Placostylus from the protosols will allow calibration
of the A A R data, providing considerable age control for the last phase of protosol
development on the island.

3) Stable isotope records in speleothems: Well-preserved speleothems from North Bay
have the potential to provide hydrogen, carbon, oxygen and strontium stable isotope
records of climate and vegetation changes on the island. A large stalactite has U/Th ages
which indicate it was precipitated during the Last Glacial M a x i m u m , while a stalagmite of
Late Holocene age has the potential to provide valuable insights into palaeoenvironmental
change during the last few thousand years. The mid-ocean location of Lord H o w e Island
suggests these records will be related to global rather than regional changes in climate.
4) Sedimentology of the palaeosols: Detailed studies of the mineralogy and age of the
palaeosols have the potential to provide several insights into the evolution of the island. A
comparison of the acid-insoluble residues in the palaeosols and host aeolianite units can
provide insights into pedogenesis on the island; for instance, identifying any contributions
from aerosol and the m o d e of mineral weathering (e.g. Boardman et al, 1995; Herwitz
and M u h s , 1995). This type of analysis m a y reveal the palaeosols most suitable for
additional luminescence dating, which has the potential to refine and extend the
chronology further into the Middle Pleistocene.
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Appendix 1

Al.l Chi-square
hemispheres

test of aeolianite

distribution

between

T o test whether any difference exists in the distribution of aeolianite between the
hemispheres the distributions were classified into 5 latitude classes (Table Al.l). The
relatively small data set and low counts in s o m e latitude classes indicates the Chi-square
test is an appropriate statistical test of the significance of any difference in the
distributions. T h e Chi-square statistic tests the independence of the distributions by
comparing the expected value for each class (calculated from the total data set) with the
observed value (Zar, 1984). T h e relatively high Chi-square value and low Chi-square Pvalue indicates there is a 9 8 % probability that the latitudinal distributions are similar to the
expected values in both hemispheres.

Table Al.l: Results of the Chi-square test of the difference in aeolianite distribution in
northern and southern hemispheres
Summary

table for latitude, hemisphere

Number Missing
Degrees of Freedom
Chi-square
Chi-square P-Value
Contingency Coef.
Cramer's V

0
4
11.727
0.0195
0.345
0.367

Observed frequencies for latitude, hemisphere
latitude class
0 - 10°
10 - 20°
20 - 30°
30 - 40°
40 - 50°

Totals

N Hemisphere

0
7
22
16
2
47

S Hemisphere

4
3
1 1
22
0
40

Totals

4
10
33
38
2
87
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A1.2 Munsell soil colour assessments of a range of units in the
aeolianite on Lord H o w e Island
Colour assessments of units from the main study sites were undertaken using the Munsell
Soil Color Chart (Munsell, 1990). S a m p l e s of fresh material f r o m exposures were
analysed in thefieldor collected in air tight bags and assessed later under sunlight.

Table A1.2: Munsell soil colour data for samples from several dune, beach, protosol and
palaeosol units and contemporary beach deposits at the main study locations.
S a m p l e (bed set no. in Chapter 3)
Neds Beach, site 1. bed set la
Neds Beach, site 1. bed set lb
Neds Beach, site 2. bed set 2ai (beach unit)
Neds Beach, site 2, bed set 2aii (beach unit)
Neds Beach, site 2, bed set 2b (-6 m M S L )
Neds Beach, site 2, bed set 2b (-15 m M S L )
Neds Beach, site 2, bed set 2c (-22 m M S L )
Neds Beach, site 3 - 4 , bed set 3aii (~lm M S L )
Neds Beach "modem" sand (middle of beach)
Neds Beach, site 4, bed set 4a
Neds Beach, site 5, bed set 5b (Cove 1, 2nd aeol., ne4)
Neds Beach, site 5, pi
Neds Beach, site 8, bed set 8aii (Searles Pt core SE1)

Hue/Chroma
10YR 8/4
10YR 8/1
10YR 6/6
10YR 7/6
10YR 8/4
10YR 8/2
10YR 8/1 or 2
10YR 6/4
10YR 7/2
10YR 7/4
10YR 7/4
7.5YR 4/3
10YR 7/6

10YR 7/6
Middle Beach, site 1, bed set laii
Middle Beach, site 2, bed set 2d (c2, aeol. above p2, mbl2)10YR 8/4
7.5YR 5/6
Middle Beach, site 2a, pi
5 Y R 5/6
Middle Beach, site 2a, p2
10YR 6/4
Middle Beach, site 2, core m b 2
10YR 6/3
Middle Beach, site 2, bed set 2a (core mb3)
10YR 7/4
Middle Beach, site 3, bed set 3a (mb4)
7.5YR 5/6
Middle Beach, site 2b, pi
5 Y R 5/6
Middle Beach, site 2b, p2
10YR 8/1
Middle Beach, site 2b, bed set 2h (S end, top aeol.)
5 Y R 5/6
Middle Beach, site 4, pi
10YR 8/4
Middle Beach, site 5, bed set 5b (above pal. +3rn)
10YR 7/4
Middle Beach, site 5, bed set 5a (core mb2)
10YR 8/1
Middle Beach, site 5, bed set 5e
10YR 7/4
Middle Beach, site 6, bed set 6a
10YR 7/4
Middle Beach site 10, bed set 10a
10YR 6/6
Middle Beach site 8, bed set 8a
10YR 8/4
Middle Beach site 12, bed set 12b
10YR 8/4
Middle Beach site 13/14, bed set 13b
10YR 5/4
Middle Beach site 14, protosol (top)

Colour
very pale brown
white
brownish yellow
yellow
very pale brown
white
white
light yellowish brown
light grey
very pale brown
very pale brown
brown
yellow
yellow
very pale brown
strong brown
yellowish red
light yellowish brown
pale brown
very pale brown
strong brown
yellowish red
white
yellowish red
very pale brown
very pale brown
white
very pale brown
very pale brown
brownish yellow
very pale brown
very pale brown
yellowish brown

Append'
Table Al.l continued
Sample (bed set no. in Chapter 3)

Hue/Chroma

Middle Beach, site 14, protosol (-75 cm)
Middle Beach, basal foreset cross-beds, site 17
Middle Beach, top foreset cross-beds, sites 14-17
Middle Beach, modern beach site 14

10YR
10YR
10YR
10YR

7/4
7/4
8/1
8/4

very pale brown
very pale brown
white
very pale brown

Anderson Rd, quarry, exposed dune unit
Anderson Rd, quarry, auger sample -7.5 m
Middle Beach Rd, quarry, exposed dune unit
Middle Beach Rd, quarry, auger sample -4 m
Middle Beach Rd, S side Joys Shop, -4 m

10YR 8/1 or 2
10YR 8/1 or 2
10YR 8/1 or 2
10YR 7/4
10YR 8/4

white
white
white
very pale brown
very pale brown

10YR 7/4
Blinkenthorpe Beach dune, auger sample -6 m dune crest
10YR 8/4
The Big Slope, bsl a
North Beach, "modem" sand
North Bay, site 1. bed set lai (shoreline unit, core nol)
North Bay, site 2, bed set 2a (base cave 2, now2)
North Bay. site 3, bed set 3b (in Gully, above pal. no4)
North Bay, site 3, bed set 3a (in Gully, below pal.)

10YR
10YR
10YR
10YR
10YR

North Bay, site 4, bed set 4a (base cave 3, now4)

10YR 6/6

Old Settlement Beach, bed set osb2a

10YR 6/4

boat ramp, bed set brl a
boat ramp, brlc (core, 400 m m from top)
boat ramp, brlc (core, 600 m m from top)
Ocean View Lodge, -1.7m, +18 m L A T
Signal Point, site 2, bed set 2a
Signal Point, site 2, bed set 2b
Signal Point, site 2 - 3, bed set 2b
Signal Point, site 3, bed set 3a
N end Lagoon Beach, palaeosol exposed on beach
N end Lagoon Beach, "modem" sand

7/4
8/4
7/6
7/4.- 7/6
6/4

Cobbys Comer, site 1, weak protosol on bed set ccl a10YR 6/4
7.5YR 5/6
10YR 6/4
10YR6/3- 6

10YR 5/3
Cobbys Comer, site 1 - 2, major protosol (3 - 6 m above

-MHW)
Cobbys Comer, site 3, bed set 3a
Cobbys Cm/Lagoon B., "modem" sand

very pale brown
very pale brown
very pale brown
very pale brown
yellow
yellow
light yellowish
brown
brownish yellow

light yellowish
brown
yellow
10YR 7/6
pale brown
10YR 6/3
pale brown
10YR 6/3
light yellowish
10YR 6/4
brown
10YR 8/3 or 4 very pale brown
very pale brown
10YR 8/4
very pale brown
10YR 7/4
white
10YR 8/1
brown
7.5YR 4/4

Cobbys Comer, site 1, bed set la (basal aeol. +1 m, 10YR
ccl) 5/3 or 4

Cobbys Comer, site 2, terra rossa soil
Cobbys Comer, site 2, bed set 2b (+3 m )
Cobbys Comer, site 2, bed set 2c (+8 m )

Colour

7.5YR 6/4
10YR 7/4

yellowish brown
brown
light yellowish
brown
yellowish red
yellowish brown
brownish yellow
pale brown
brown
light brown
very pale brown

Appendix
Table Al.l continued
S a m p l e (bed set no. in Chapter 3)
Lovers Bay, bed set lb2a
Johnsons Beach/Lovers Bay, bed set lb2b (S side of Bay)
Johnsons Beach, site 1, bed set la (jbl, 0.5m - M S L )
Johnsons Beach, site 1, bed set lb
Johnsons Beach, site 2. bed set 2b (jb3, 12 m - M S L )
Johnsons Beach, beach sand

Hue/Chroma
10YR 6/3
10YR 7/4 or 6
10YR 7/4
10YR 8/3
10YR 8/3
10YR 7/6

Colour
pale brown
very pale brown
very pale brown
very pale brown
very pale brown
yellow
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Appendix 2 Petrology

A2.1 Microstructural features of skeletal carbonate grains and diagnostic
features of the other grain types identified
This section describes the criteria used to classify the various types of skeletal carbonate
grains viewed in thin sections based on microstructures in the grains and distinctive grain
morphologies. Distinctive features of micritic, lithoclastic and volcanic grains are also
described and the broad-scale skeletal and peloidal categories defined.

A2.1.1 Coral
In the Scleractinian corals, fibrous crystals of aragonite, 15 ttm long and 0.5 - 1 ttm wide,
form the basic skeletal components (Friedman et al, 1974). Fibres are arranged as
spherulites (radiating fibres), forming the inner structure of the calix called the
sclerodermite. Sclerodermites m a y be arranged in a linear series, into trabeculae, or as
laminar sheets with the long axis of the fibres transverse to the side of the sheet.
Aragonitic fibres radiate in three dimensions from the centres of sclerodermites. These
centres are white under reflected light, but in thin section are brown and dark grey under
plane polarised light, and contain up to 8 % less aragonite than the surrounding fibres
(Bathurst, 1975, p. 26).

In cross-sectional view, sclerites have a radial structure and between crossed polars each
fibre acts as a single crystal. W h e n the sclerodermites are joined in a linear series a
continuous line of centres of calcification is formed, producing an elongate, dark
trabecula, while simple trabeculae m a y be combined into compound trabecula. In the septa
(partitions within the calix) the trabeculae are combined into palisades or fans. In
transverse section, where trabeculae are tightly packed, the septum has a laminar structure
or, where openly packed, a fenestrate structure. Similarfibresform the basal plate section
of the coral but without centres of calcification. Here the long axis of fibres is normal to
the plate, forming lamination parallel to the surface (Bathurst, 1975; Goreau et al, 1979;
Scoffin, 1987).
Fragments of coral lacking a radial fibrous structure or observed in a transverse section,
therefore, m a y be difficult to discriminate from mollusc and bryozoan fragments with
similar laminar structures.
In cross-section views of corallites of modern faviid corals, the massive partition of the
corallite, the theca, is surrounded by radiating septa (Gvirtzman and Friedman, 1977). In
sections normal to the growth surface of faviid corals, theca form the thick ( 1 - 2 m m ) and
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septa the thin (50 - 100 |im) vertical partitions and dissepiments, the thin (10 - 20 u m )
horizontal partitions which reinforce the septa and theca (Gvirtzman and Friedman, 1977).

In poritoid corals, thecae and dissepiments are often not visible, the corallites consis
of septa only and, therefore, colonies are not bounded by a firm wall. Septa form a
radiating structure in cross-section, but in longitudinal section the septa have a fenestral
structure and spaces (40 - 60 urn) interconnect between corallites, obscuring the corallite
boundaries (Gvirtzman and Friedman, 1977).

Micrographs of modem and recent reef-building corals (Friedman et al, 1974) show coral
is rapidly cemented with aragonite and high-Mg calcite after incorporation into reef
structures. Even modern coral m a y contain micritic rim cement, and structural features
tend to be difficult to discriminate with progressive diagenesis (Friedman et al, 1974, p.
817). Micrographs of thin sections of Pleistocene coral grains are presented in Horowitz
and Potter (1971, p. 130 - 133) and Scholle (1978, p. 59 - 61).

A2.1.2 Foraminifera
The small size and distinct multi-chambered morphology of foraminifers provide good
diagnostic features in thin section (Horowitz and Potter, 1971, p. 104 - 123 ; Scholle,
1978. p. 31 -38; Brasier, 1992, p. 90 - 121).
The four calcareous suborders are mostly less than 1 mm in maximum diameter, however,
larger species, up to several centimetres in diameter, are k n o w n and larger miliolid
fragments are evident in the Lord H o w e Island samples.
Each order exhibits a distinct morphology, fabric and mineralogy. Textularids have
agglutinated test walls composed of organic and mineral cement and, mineral grains, the
organic cement having a varied mineralogy. Fusulinid tests are composed of
microgranular orfinelygranular calcite in single or multiple layers. Miliolid tests are made
of a brown microgranular high-Mg calcite and m a y exhibit a schwagerinid wall
microstructure - a porous and comb-like wall morphology (Horowitz and Potter, 1971).
Miliolids also have afirstorder grey or light brown interference colour. Rotalids may
have tests of radial fibres of calcite or aragonite, mostly with lamellar walls, or large
granular calcite forming a monolaminar or bilaminar wall (Horowitz and Potter, 1971, p.
43 - 48; Bathurst, 1975, p. 39 - 49; Brasier, 1992).
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Echinoderms

Echinoderm spine fragments have a round or ellipsoidal shape in cross and oblique
section, usually larger than 300 ttm in m a x i m u m diameter, or a columnar form in
longitudinal section. Echinoderm plates m a y have a polygonal shape, several hundred u m
in diameter, and m a y exhibit a grey or yellow colour in transmitted light, but are
dominantly colourless. Plates are also characterised by afineporous structure with pores
up to 25 Jim, producing a dusty appearance which m a y be random or have a fenestral
pattern. Skeletal mineralogy is dominantly high-Mg calcite (Horowitz and Potter, 1971, p.
196 - 199; Bathurst, 1975, p. 50 - 55; Fliigel, 1982, p. 317 - 319; Tucker and Wright,
1990. p. 14).

Echinodermal grains have uniform extinction under cross-polarised light, or there may b
an orderly undulose extinction in strongly curved surfaces. These are important diagnostic
features where shape is not helpful (Horowitz and Potter, 1971, p. 71). Pore-filling
cement is often syntaxial with the echinoderm skeletal fragment and grains are commonly
enclosed in a syntaxial rim cement or in a syntaxial rim of neomorphic calcite (Bathurst,
1975, p. 50 - 55).
A2.1.4 Molluscs
In thin section, molluscan grains exhibit a wide variety of morphologies ranging from the
distinctive chambered form of gastropods to the mostly elongate, two-layered form of
many bivalves (Horowitz and Potter, 1971, p. 170 - 187; Scholle, 1978, p. 81 - 84;
Bathurst, 1975, p. 50 - 55).
Molluscan shells are predominantly constructed of layers of mostly elongate crystals
several microns in length. Layers m a y be composed of either aragonite or calcite crystals
arranged into ordered structures that are usually evident in unaltered gastropods and
bivalves. With diagenesis, these structures are often lost or become less distinctive.

The microstructures, often diagnostic of molluscan tests, were used to identify skeleta
fragments where grain morphology was not distinctive. Identifying these structures
enabled a distinction to be made between molluscan grains and skeletal fragments with
similar morphologies but different fabrics, such as several genera of foraminifers,
bryozoans and corals. The following descriptions of molluscan microstructures briefly
summarise the more detailed treatments of Horowitz and Potter (1971), Milliman (1974),
Bathurst (1975) and Fliigel (1982).
Nacreous structure: tablet-shaped aragonite crystals, 2 - 10 \im in breadth, are arranged in
layers as continuous sheets giving either a brick wall pattern or vertical columns. In
gastropods, conical stacks of aragonite crystals are c o m m o n that appear as columns when
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viewed in vertical cross-section. In thin section, the nacreous structure is visible in vertical
sections as cryptocrystalline material with indistinct lineation and often with uniform
extinction throughout layers.
Prismatic structure: similar layers of both calcite and aragonite composed offine,elongate
crystals, up to 800 u m long and 5-100 u m wide. Simple prisms m a y be aragonite or
calcite striated crystals arranged in varying orientations. Composite prisms are only
aragonite and have their long axis parallel to the shell surface.
Homogenous

structure: in cross-polarised light large areas have uniform extinction, with a

patchy distribution of polarisation colours. Such molluscan grains have no distinctive
fabric visible under plane polarised light as they are composed of microcrystalline
aragonite fibres.
Foliated structure: near-regularly arranged tablet shaped calcite crystals, 4 - 17 urn long, 2
- 3.5 p m

wide and 0.1- 0.5 p m thick, are grouped in lenticular folia which form low

angled cross-lamellae, while some orientations are highly irregular. The folia are usually
parallel or subparallel to the shell surface, and exhibit a straw-red brown
psuedopleochroism.
Cross-lamellar structure: a very c o m m o n structure in which sets of elongate aragonite
crystal plates are arranged parallel or sub-parallel to the shell surface, resembling crossstratified lamination, with up to three orders of lamination often discernible. First order
lamellae form an elongate plate or lens, usually parallel to the shell surface. In vertical
radial section these lamellae are usually rectangular and often normal to the shell surface,
but orientation m a y vary considerably. They are usually packed side by side, up to several
millimetres long and up to 0.5 millimetres wide. They are composed of second order
lamellae, plate shaped crystals with an intermediate axis of approximately 15 ttm, with
their tabular surfaces normal to the tabular surfaces of the first order lamellae but oblique
to the shell surface. Third order lamellae are sometimes visible as thin parallel lineations in
the second order lamellae. Crossed-lamellae m a y also be arranged in prismatic forms
which are highly complex in structure and both m a y have a straw-red brown
psuedopleochroism (Bathurst, 1975, p. 50 - 55; Fliigel, 1982, Table 26).
Myostracal layers: found in tests below the attachment areas of muscles and in thin section
m a y be either a thick layer of aragonite prisms parallel to the shell wall or merely a
prominent thin line, composed of prisms 0.5 - 50 txm long and arranged parallel to the
shell surface. Both forms are light grey or colourless (Bathurst, 1975, p. 2 - 25).

A2.1.5 Brachiopods
Brachiopods also have distinctive fabric, usually two layers of l o w - M g calcite. The
primary layer, the shell surface layer, is composed of elongate calcite fibres perpendicular
to the shell surface. The secondary layer is composed of long fibres of calcite aligned at
low oblique angles to the inner surface of the primary layer (Fliigel, 1982).
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A2.1.6 Calcareous red algae
Skeletal fragments of the Corallinaceae family of the Rhodophyta division are ubiquitous
throughout the calcarenites examined. Species of the Lithothamnium,

Porolithon,

Goniolithon, Lithophyllum and Corallina genera are found today at Lord H o w e Island
(Lucas, 1935; Allen and Paxton, 1974; Kraft, 1977).

Calcareous algae adopt branching and encrusting forms and their thalli, the plant body,
generally well preserved due to the deposition of micritic size crystals of high-Mg calcite
within and between the algal cell walls (Ginsburg et al, 1971; Horowitz and Potter,
1971). This finely crystalline M g calcite produces the distinctive dark brown colour of
many calcareous red algae grains under transmitted light observations.

The two sections of the thallus are differentiated by cell size and pattern. The main b
of the thallus. the hypothallus, is composed of large cells that are bordered by smaller
perithallus cells. In crustose thalli, the hypothallus adopts three different layered forms: a
simple form where a basal stack of layers bends up to the perithallus; a co-axial form
where stacked curved layers are parallel to the base and overlain by the perithallus; and the
plumose form where a sequence of hypothallus layers are covered by perithallus cells, the
lower layers curve downwards and higher layers of cells curve upwards. In some species
structures are lacking and the thallus consists merely of horizontal or irregular layers of
cells. Branching forms of coralline red algae often have a thick central hypothallus
enclosed by a thin outer perithallus, but this structure is not always well developed. In
sections normal to the growth surface, the cells of the perithallus are rectangular and in
parallel section they are rectangular or rounded. They are composed of fibrous, micritic
high-Mg calcite (Ginsburg etal, 1971; Horowitz and Potter, 1971; Bathurst, 1975, p. 58
-61; Fliigel, 1982, p. 324 - 334).

A2.1.7 Bryozoans
Bryozoans are colonial animals that m a y be sessile or free living. The morphology of their
colonies varies from bush-like to fungiform or encrusting and they range in size from
several millimetres up to 1 m across. They are composed of round or polygonal elongate
tubes or boxes (zooecia), up to 0.5 millimetres in m a x i m u m diameter. The animals
(zooids) live in this exoskeleton, which m a y be composed of either calcite or aragonite
(Rao, 1993).
Trepostomid bryozoans may appear similar to tabulate coral in thin section, but can be
distinguished by the smaller size of zooecia compared to corallites (up to several m m ) and
by the presence of polymorphic tubes around the surface of the zoaria. Trepostomata and
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Cryptostomata are also characterised by lamellar or fibrous microstructure in sections
normal to the wall tissue, visible in thin section, or clear and structureless in sections
parallel to the laminae (Horowitz and Potter, 1971, p. 54-57; Fliigel, 1982, p. 306 - 307).

In the most abundant modern order, Cheilostomata, the zoarium is composed of mostly
wavy,finelytuberculate laminae which appear fibrous w h e n view in cross-section. Both
laminated and fibrous layers have been recorded in the zooecial wall surface (Horowitz
and Potter, 1971). Fibrous structures m a y exhibit broad rounded troughs and sharp crests
that point outward. Other species have mamillary structures in the zoarium, built of radiate
aragonite fibres (Bathurst, 1975, p. 7 0 - 73).
A2.1.8 Micritic grains
Micritic grains m a y be produced by a variety of processes. Primary micrite produced in
lagoonal and reefal environments m a y be reworked to form m u d pellets. Faecal pellets
m a y also constitute a significant micritic grain component. A s a secondary process,
micritisation m a y occur in both marine and meteoric environments due to microbial
activity and the weathering of carbonate minerals in skeletal grains.
Micritic grains are distinctively brown to dark grey under the microscope (both under
plane-polarised and cross-polarised light). They mostly lack any internal structure.
However, in the samples examined, under high magnification, remnants of preserved
structure were occasionally evident, indicating a skeletal origin.
Micritic grains derived from reworked micrite deposits or formed by the diagenetic
alteration of skeletal carbonates m a y be distinguished from micritic faecal pellets by their
more irregular shape (Adams et al, 1984; Tucker and Wright, 1990). It is therefore likely
that some of the circular to elliptical, dark grey to virtually opaque grains which lack any
original internal structure observed in the samples from Lord H o w e Island m a y be faecal
pellets.
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A2.1.9

Lithoclasts

Lithoclasts is the term that describes reworked grain aggregates. These grains are often
composed of molluscan, red algal, micritic and foraminiferal grains. The grains are
usually encased in a cement often in contrast to the cement forms in the surrounding
sediment. Skeletal components m a y likewise exhibit greater alteration compared to the
surrounding grains.

A2.1.10 Unknown carbonate grains
Grains that appear to be skeletal in origin, but could not be positively identified due to a
lack of diagnostic internal structure or distinctive morphology are classified as
"unknown". S o m e mollusc, bryozoan or coral fragments m a y lack sufficient or distinctive
structural features (see descriptions below) and are, therefore, likely to be the major faunal
types comprising the "unknown" category. However, an unknown but likely very small
percentage of non-biogenic grains m a y also have been given this classification, for
example, reworked sparry calcite cements or eroded calcite speleothems.
A2.1.11 Volcanic grains
Volcanic grains constitute a trace to c o m m o n component in the thin sections examined.
They are derived from the island's basalt, which is dominated by lava flows classified as
tholeiitic (North Ridge Basalt) to alkali olivine basalts and hawaiites (Mtount Lidgbird
Basalt). The earlier series of flows is extensively cut by dykes of olivine basalt. In these
rocks, plagioclase, pyroxene, clinopyroxene and olivine phenocrysts are c o m m o n , and lie
in a groundmass of plagioclase, clinopyroxene, iron oxide and pale brown glass
(McDougall et al, 1981). These phenocrysts and fragments of the groundmass form the
volcanic grain component in the samples examined.

Ferromagnesium, feldspar, opaque (iron oxide) and basalt grains were readily identified
by their optical properties. The ferromagnesium minerals such as pyroxene and augite
were identified by their two cleavages and birefringence. Olivine lacks cleavage, is not
pleochroic and has high birefringence. Plagioclase is colourless to light grey and exhibits
distinct cleavage and twinning (MacKenzie and Guilford, 1980; Rutley, 1988).
Plagioclase crystals are also clearly visible in the fine-grained groundmass of the basalt
grains under high magnification, differentiating them from micritic and opaque iron oxide
grains.
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A2.1.12 Peloidal and skeletal categories
In the general petrological comparisons of the major lithostratigraphic units, the carbonate
grains were divided into two major categories, peloidal and skeletal. Peloidal grains
comprise the various forms of micrite derived from a primary carbonate source (described
above) and biogenically formed faecal pellets that are classified as rnicritic grains. Skeletal
grains include all other bioclastic carbonate grain classes: red algae, bryozoan, mollusc,
foraminifer, coral, echinoderm, recrystallised and unknown. The proportions of sediment
in these categories and the ooidal class of carbonate grains (not evident in the samples
examined in this study) are often used to characterise different types of carbonate
environments (Tucker and Wright, 1990). In this study, peloidal, skeletal and volcanic
(present in all samples) grain classes are utilised to petrologically compare samples from
the Searles Point and Neds Beach Formations.

A2.2 Analysis of the thin-section compositional data
In this section the compositional data matrix produced by the Cosine-theta clustering
algorithm is presented in Table A2.1. The Cosine-theta dendrogram is compared with a
Wards dendrogram of the compositional data. Also, the results of t-tests of the mean
values of the major groups within the Cosine-theta dendrogram are checked with the
Mann-Whitney U-test.
A2.2.1 Cluster analysis - Wards method
To check the clustering results using the Cosine-theta algorithm, the petrological data were
also clustered using the Wards algorithm (Hair et al, 1992). The dendrogram produced
using the W a r d s method (Fig. A2.1) shows close similarity with the Cosine-theta
dendrogram (Fig. 4.1). Five distinct clusters are evident (A - E):
2) Cluster A comprises all but three of the samples from the Searles Point Formation
(apart from ne3, ne4 and mb3).
2) Cluster B includes all samples from the Middle Beach Member of the Neds Beach
Formation.
3) Cluster C is made of 3 small clusters: i, samples of the Cobbys Corner Member; ii,
samples from dune units of the Neds Beach Formation at Middle Beach and Johnsons
Beach; and iii, samples from beach units at Neds Beach and Lovers Bay, and the bottom
dune unit at Signal Point (all from the Neds Beach Formation).
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4) Cluster D comprises a cluster of samples of Middle Beach dune units and a beach unit
from the boat ramp (mb5, mb6, br3; all from the base of the Neds Beach Formation),
with low similarity to the top dune unit at Johnsons Beach.

5) Cluster E includes samples of the Searles Point Formation from Neds Beach and
Middle Beach (ne3, ne4, mb3), and two samples from the base of the Neds Beach
Formation at Neds Beach (ne5) and North Bay (nol).

The main difference between the dendrograms is the exclusion of samples ne3 and mb3
(Searles Point Formation) from cluster A in the Wards dendrogram and not the Cosinetheta dendrogram. The similarity levels of these samples, however, are relatively low
resulting in minor differences in the algorithms separating ne3 and mb3 from the cluster of
other samples of the Searles Point Formation. Several slight differences are also evident in
the sequence of clustering of samples from the Neds Beach Formation. Nonetheless,
samples from the two members (Middle Beach and Cobbys Corner Members) of this
formation form discrete clusters in both dendrograms.
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Figure A2.1: Dendrogram of the compositional data (14 petrological classes) using the
Wards clustering algorithm. Five major clusters are defined (A - E), with similar patterns
to the dendrogram constructed with the Cosine-theta algorithm (Fig. 4.12).

A2.2.2 M a n n - W h i t n e y U-tests of differences in the m e a n values of the
petrological classes, N e d s B e a c h a n d Searles Point Formations
The relatively small number of observations for the Searles Point Formation, the
considerable difference in the variance of several compositional classes between
formations (Table 4.3) and the considerable difference in the number of observations of
the two formations (Neds Beach Formation, n = 18, Searles Point Formation, n = 8),
suggest that there m a y be less reliability in the t-test statistic than for larger and equal
numbers of observations (Zar, 1984; Abacus Concepts, 1996). Therefore, a nonparametric test of the differences of the means (unaffected by differences in variance), was
also undertaken to provide a comparison for the t-test results. These results (Table A2.2)
are similar to the t-test results (Table 4.3) and show the same significantly different means
at the 95 % confidence level, indicating that the t-test results are reliable.
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Table A2.2: Mann-Whitney U-test results for differences in the means of the petrological
components of samples from the Neds Beach (NBF) and Searles Point Formations
(SPF). P-values in bold indicate significant difference at>95% confidence level.
component/
formations

Tied
Z-Value

Tied
P-Value

Sum
Ranks

Mean
Rank

U

U Prime

233.5
117.5

12.972
14.688

62.5

81.5

-0.528

0.5977

-0.528

0.5975

3

250.5
L00.5

13.917
12.562

64.5

79.5

-0.417

0.6769

-0.418

0.6762

5

308.5
42.5

17.139
5.312

6.5

137.5

-3.639

0.0003

-3.643

0.0003

3

291
60

16.167

24

120

-2.667

0.0077

-2.673

0.0075

5

270.5
80.5

15.028
10.062

44.5

99.5

-1.528

0.1266

-1.608

0.1079

3

246
105

13.667
13.125

69

75

-0.167

0.8676

-0.169

0.8658

7

259
92

14.389
11.5

56

88

-0.889

0.3741

-0.889

0.3738

3

172
179

9.556
22.375

1

143

-3.944

<0.0001

-3.949

<0.0001

4

247.5
103.5

13.75
12.938

67.5

76.5

-0.25

0.8026

-0.25

0.8025

3

253
98

14.056
12.25

62

82

-0.556

0.5785

-0.563

0.5732

6

226
125

12.556
15.625

55

89

-0.944

0.3449

-0.946

0.344

6

173
178

9.611
22.25

2

142

-3.889

0.0001

-3.89

0.0001

1

177
174

9.833
21.75

6

138

-3.667

0.0002

-3.696

0.0002

6

313
38

17.389
4.75

2

142

-3.889

0.0001

-3.89

0.0001

2

Z-Value P-Value

Ties

red algae

NBF
SPF
bryozoan

NBF
SPF
mollusc

NBF
SPF
foraminifer

NBF
SPF

7.5

coral

NBF
SPF
echinoderm

NBF
SPF
micritic

NBF
SPF
recrystallised
NBF

SPF
unknown
carbonate
NBF

SPF
lithoclast
NBF

SPF
volcanic
NBF

SPF
cement
NBF

SPF
matrix
NBF

SPF
porosity
NBF

SPF
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Appendix 3: U/Th dating

A3.1 U/Th dating, laboratory methods
The methods applied to the Lord H o w e Island samples follow the standard procedures
used at the Environmental Radiochemistry Laboratory at A N S T O . The methods detailed
below were applied to all samples apart from the first series of stalactite samples (4200
series samples) and include improvements to the methods used in the early analyses.
These improvements involved:
i) filtration of all samples with colouration or detritus through fibreglass wool and 0.45
u m disk filters prior to the coprecipitation of U and T h with iron hydroxide,
ii) a reduction in the loss of sample during separation of the Fe(OH)3 coprecipitate from
the leaching solution using fibreglass wool filters rather than drawing off the leaching
solution by suction and,
iii) the removal of iron from the chloride columns using 7 m l of N H 4 I rather than ascorbic
acid.
The modification to the iron coprecipitation step improved the recovery of both TJ and
the use of N H 4 I in ion exchange chromatography reduced the amount of iron reaching the
electrodeposition stage, and the extrafiltrationstep reduced the amount of detrital material
in contaminated samples.
A3.1.1 Leaching, filtration, and coprecipitation of U and Th with iron
hydroxide
1) Carbonate samples (speleothems and coral, mass 10 - 12 g) are digested with 200 ml
2 M H N O 3 in 500 ml beakers. D u e to the low proportion of 2 3 0 Th in younger (Holocene)
coral samples, the sample mass of these corals was increased to approximately 18 g.
During leaching, 1 - 3 drops of N-octanol are added to reduce the surface tension of the
solution which stops violent frothing and loss of sample as the carbonate is dissolved.

2) Dirty samples (with colouration or detrital residue after the acid leach) are filter
suction through afibreglasswool filter. They are transferred to centrifuge tubes and
centrifuged, the supernatant then collected into the 500 ml beakers. Detritus and the
centrifuge tubes are washed with 30 ml of 2 M H N O 3 , centrifuged and the supernatant
added to the sample. Samples are also filtered through 0.45 jam filters to remove any
detritus that m a y have been transferred from the centrifuge tube.
3) 200 uL of Fe3+ is added to the filtered samples. Concentrated NH4OH is then added
while stirring the samples until p H reaches 9 and iron begins to precipitate. U and T h is
incorporated into the precipitated Fe(OH) 3 .
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4) Samples arefilteredunder vacuum through fibreglass wool within a 50 ml syringe
tube, the flocculated coprecipitate collecting in the filter.

5) The concentrated precipitated iron compounds are dissolved and washed from the fil
with concentrated H C 1 (approximately 2.5 times the filter volume: 15 - 30 ml) into a
centrifuge tube. The filter and 500 ml beaker is also washed with 6 M H C 1 into the
centrifuge tube. A n extra centrifuge tube per sample is necessary if thefilterrequires extra
washing that is, until the fibreglass wool has gone from yellow, indicating the present of
iron compounds, back to white.

Separation and purification of U and Th with ion exchange columns:
6) Samples are mass balanced and centrifuged prior to separation of the U and T h using
ion exchange columns. The centrifuged samples are transferred to conditioned (50 ml 6 M
HC1) anion exchange columns (6 ml Bio-Rad ion exchange resin A G 1 - X 8 : a synthetic
high molecular weight organic polymer capable of exchanging with ions in a surrounding
medium without any major physical change taking place in the resin structure) via a 5 urn
syringefilterwhich captures any fibreglass. The centrifuge tube andfilterare washed with
20 ml of 6 m l H C 1 which is also added to the columns.

8) The eluant from the anion exchange columns, including a subsequent 60 ml wash of
6 M HC1, is collected as the T h sample in the original 500 ml beaker, ready for a second
coprecipitation with iron (step 10).

9) The U (UO2CI4)2" sample, attached to the ion exchange resin, is subsequently purifie
and collected using the following steps.
i: 5 ml of 1 0 % N H 4 I in 6 M H C 1 is passed through the column. The redox reaction that
occurs releases iron compounds from the resin. The resin is then washed with 60 ml 4 M
HC1 and collected as waste.
ii: U is then eluted from the column with 70 ml of 1.2M H C 1 and collected in a 100 ml
beaker.
iii: 10 ml of 8 M H N O 3 is added to the U sample to help remove any iodine or organic
compounds. The sample is then evaporated on a hot water bath (70° C). 2 ml of H2O2 is
added to the samples if iodine is detected (an orange brown colour in the sample). W h e n
the beaker is dry it is ready for the U electroplating procedure (see below).

10) The Th sample is coprecipitated with the Fe3+ solution for the second time followin
the same procedure as in steps 3 - 5, and centrifuged. The sample is then ready for the
nitrate anion exchange column.
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11) The T h sample is purified in a nitrate ion exchange column using the following steps:
i: The anion exchange columns isfirstconditioned with 70 ml of 8 M H N O 3 .
ii: T h sample is transferred to the columns via 5 u m syringefiltersand the centrifuge tubes
andfiltersare washed with 20 ml of 8 M H N 0 3 , also added to the column. This eluant is
collected as waste.
ii: The columns are then washed with 70 ml 8 M H N O 3 , also collected as waste.
iii: T h is eluted from the ion exchange resin with 70 ml of 6 M H C 1 which is collected in a
100 ml beaker.
iv: The sample is evaporated on a hot water bath ready for the T h electroplating procedure.
A3.1.2 Ether extraction of iron compounds in U samples
After evaporation on a hot water bath, beakers containing the U sample sometimes have
an orange - brown film on the bottom of the beaker. This indicates iron compounds have
not been completely removed in the chloride columns by the a m m o n i u m iodide solution.
Iron m a y hinder the TJ electroplating process and can produce scatter in the TJ spectra
detected by alpha spectrometers. Therefore, it is essential to remove the iron by ether
extraction.
Ether iron extraction procedure
1) T o redissolve the evaporated sample, 10-15 ml of 6 M H C 1 is added to the 100 ml
beaker which is placed on a hot water bath for 5 minutes .
2) Samples are transferred to separation funnels and ether, equal in volume to the sample,
is also added.
3) The capped flasks are inverted and ether gas is released. The solution is periodically
shaken until no gas is emitted, the ether solution taking up the Fe ions from the sample
solution.
4) Samples are left to settle and then the aqueous layer, which contains the purified TJ, is
eluted into the original 100 ml beakers.
5) The ether solution is then washed with 5 - 10 ml 6 M HC1: the flask is inverted, gas
released etcetera as per 3.
6) The flask is left to settle and then the aqueous layer is eluted into the 100 ml beaker.
The sample is placed on a hot water bath to evaporate and is then ready for the U
electroplating procedure (below).
A3.1.3 Electrodeposition of the U and Th samples
Measurement of the radioactivity of isotopes of U and Th by alpha spectrometry requires
samples to be electrodeposited onto stainless steel disks (27 m m diameter) following the
procedures described below.
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1) Samples must be evaporated to complete dryness on the hot water bath before they are
ready for electroplating. 10 drops of concentrated H 2 S 0 4 and 5 drops of concentrated
H N 0 3 are added and swirled across the base of the beaker to dissolve the TJ or Th, the
beaker then placed on a hot plate (200° C). The beaker is swirled and left on the plate until
nitric acid fumes (thick voluminous) are boiled off and only sulphuric acid fumes are
evident (thin strands), indicating the TJ or T h ions should be in the H2SO4 solution. 5 ml
of 1 0 % H 2 S O 4 is added to the beaker, swirled in the beaker to capture the sample, and
then poured into the electroplating vessel. Another 5 ml of 1 0 % H 2 S O 4 is added to the
beaker as a wash then the beaker is placed on the hotplate until the acid begins to boil then
also poured into the electroplating vessel. Platinum electrodes are washed with distilled
water and placed in the vessel.

2) 3 - 4 drops of indicator (Thymol blue) is added to the sample in the electroplating
vessel. Approximately 10 drops of concentrated N H 4 O H are added to the sample, the
sample swirled, and further drops are added until the colour changes to a salmon pink
(~pH = 2). The p H is checked with indicator paper.
3) Power supply cables are attached to the vessel, the positive lead to the platinum
electrode, the negative lead to the vessel's electrode and a voltage of -12 volts and current
of 1 ampere is applied for 1 hr to TJ samples and for 1 hr 30 min to T h samples.
4) At the end of the electroplating period 1 ml of concentrated NH4OH is injected into
electroplating tube to ensure U/Th species remain adhered to the electroplated disc. 10
seconds after this injection the current is switched off.

5) Immediately after removal from the electroplating vessel the electroplated discs ar
washed with a 1 0 % N H 4 O H solution followed by ethanol before being placed on a
hotplate to dry. The discs are numbered and ready for counting of U and T h activity by
alpha spectrometry.
A3.1.4 Alpha spectrometry
Disks electroplated with the U and T h species were placed in an Ortec high precision alpha
spectrometer and their alpha particle emissions were recorded using the Mastero P C
program. T o provide adequate resolution of the isotope peaks and provide acceptable
statistical error in the activity calculation at least 1000 counts each of 2 3 0 T h , 2 3 4 U and
238TJ w e r e

collected for each sample.
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The detection times varied significantly between samples. Coral U samples could
generally be counted in three days while speleothem TJ samples, with a TJ concentration an
order of magnitude lower than the coral samples, required up to eight days of counting,
depending on the chemical recovery (generally 30 - 7 0 % ) . Likewise, speleothem Th
samples also required up to 8 days of counting, as did Holocene coral Th samples. In five
samples where iron had been deposited on the disk resolution of the TJ spectra was
difficult due to the overlapping of the2 3 4 U and 2 3 6 U (tracer) peaks. These samples could
be more accurately counted by either lowering the disk from the detector to reduce the
noise of the spectra or, when this did not improve the resolution of the peaks of two
samples, by repurification and redeposition of the sample.

A3.2 The Leachates/Leachates correction for impure carbonate
samples
Dating carbonate samples containing detrital TJ and Th has been shown to be reliably
achieved using the Leachates/Leachates (LL) correction method (Schwarcz and Latham,
1989). Activity ratios of the pure carbonate and detrital components of a sample can be
given as Aco> Ac4, A c s where A = isotopic activity, C = carbonate fraction of a sample
and 0, 4 and 8 represent 2 3 0 Th, 2 3 4 U and 2 3 8 U respectively. Similarly, activity ratios of
the detrital component of a sample can be given as A D O > A D 4 , A D S and A D 2 where D =
detrital fraction of a sample, and 0, 4, 8 and 2 are the isotopic activities of the detrital
component, 2 representing 2 3 2 Th which occurs only in the detritus. Using this notation
the activity ratios (R) m a y be expressed as:
RC02 = A C o/Ac2, and similarly for 234Tj/232Th a n d 238u/232Th>
Assuming a sample has a weight of 1, the weight of the detrital component is 1 - x.
During dissolution of the carbonate different fractions (r) of the radionuclides will be
taken from the detritus into the leach: ro, r4, rs and r2, where ro is the fraction of the
detrital 2 3 0 Th etcetera. The isotopic activities of this leachate (L) will be, per gram of
sample:
ALO

= xAco + I*O(1-X)ADO

A U = x A c 4 + H( 1 -x) A D 4
ALS

= xAcs + T 8 ( 1 - X ) A D 8

A L 2 = T2(1 - X ) A D 2

Each leachate may have a different amount or fraction of each isotope, ro, r4, rs,
the detrital portion of the sample (1-x). However, these fractions are the same in each
leachate as they are in a fixed ratio to each other, that is 1-0*4:^2 in each leachate.
Therefore, leachates have their activity ratios R L O 2 > R L 4 2 and R L 8 2 g i v e n Dv:
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_ALO._

z.02 = ~r- =
AL2

+ r0(l - x)ADQ _
xAc0
r0R
„
'
= „
;, + - u - Jffl S etcetera for each ratio.
r 2 (l-x)A D2
r 2 (l-x)A02
r,

JCACQ

These equations can be rearranged to give :
(234Tj/232Th)L =

(230Thp34U)c(234U/232Th)L+£ Eqn ^

where
E=(ro/r2) ( 2 3 0 Th/2 3 2 Th) D - (r4/r2) ( 2 3 0 Th/ 2 3 4 U) c ( 2 3 4 U / 2 3 2 T h ) D

which is in fact the linear equation of the best fit line through X-Y plots of

230

Th/232Th

and 2 3 4 U / 2 3 2 T h for leaches of a single sample (Schwarcz and Latham, 1989). This line is
an isochron as it's gradient is the normalised 2 3 0 T h / 2 3 4 U ratio, which can be used in the
age calculation (Eqn 5.1).

In Equation A3.1, E defines the y intercept of the best-fit line through the plot of the
corrected ratios. This shows the fractions of the leach in which differential isotopic
fractionation m a y occur (ro, r4, r8, r2) will be located in E, in contrast to the L R method
where the detrital fractions are defined by the gradient of the best-fit line. This is the major
benefit of the L L method because the 2 3 0 Th/ 2 3 4 U ratio of the carbonate component of the
sample will not vary with the occurrence of differential isotopic fractionation of detrital
isotopes into the leachate. Therefore, the less demanding requirement for a reliable age
estimate using the L L method is that where any differential fractionation occurs it should
not vary between leaches. This requirement is usually fulfilled w h e n a straight line exists
at the weak leaching end of the isochron, through leaches where the carbonate component
is the predominant fraction of the leach (Ivanovich et al, 1992).
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Appendix 4: Amino Acid Racemisation dating
The procedures adopted for the preparation and analysis of the D- and L-amino acids in
mollusc and "whole rock" samples are described in the following section. The chemical
and chromatographic procedures adopted in this investigation follow closely the
procedures described in Murray-Wallace (1993) and Rutter et al. (1985). Natural groups
within the Placostylus and "whole rock" A A R data are assessed using the Wards method
of cluster analysis. Finally, the significance of the difference of the mean D/L ratios of
"whole-rock" aminozones are assessed with t-tests.

A4.1 Sample preparation
Placostylus bivaricosus samples
1) Considerable cleaning of the Placostylus samples was required, especially
when they were obtained from cemented palaeosols. Using a dental drill and grinding and
cutting tools, all cemented material was removed from the samples. Samples from clayrich palaeosols required repeated washing in distilled water to remove thefinesediment.
2) W h e n clean, the aperture was cut from the fossils. T o prevent possible
contamination by allochthonous amino acids, the surface of the apertures was ground
away using the dental drill. The apertures were then washed in an ultrasonic bath in
distilled water for at leastfiveminutes.
3) The samples were then lightly etched with 2 M H C 1 to further reduce possible
contamination, and washed in distilled water. Dried samples were weighted (1.2 - 1.5 g
samples) and then digested in 8 M HC1.
Marine mollusc samples
The hinge section of shells was removed and similarly ground, cleaned, acid etched, dried
and weighed (1 - 1.5 g samples). The whole test was digested when samples were less
than ~3 g.
"Whole-rock" samples
Thin sections of calcarenite samples were used to determine the biogenic composition of
the samples analysed. T h e following procedure was undertaken with all "whole rock"
samples:
1) Approximately 50 g of calcarenite was processed. Where samples were
cemented they were broken into a free-flowing granular form with a mortar and pestle.
This process freed well-preserved grains with weak meniscus and pendulous cements, the
cements tending to break intofinerfragments, while pore-filling cements and replaced and
recrystallised grains tended to form aggregates which were not easily broken.
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2) Samples were then wet sieved through an 850 u m sieve to remove the larger
fragments of well-cemented and recrystallised grains. Fines contained much of the ground
cement and were removed by wet sieving through a 250 urn sieve. It was found that in
heavily-cemented samples up to 2 0 % of the coarsest fragments were still grain aggregates.
W h e n this occurred, the 850 - 250 u m sample was given another light grinding in a
mortar and pestle and sieved through a 500 urn sieve to remove the coarser fragments.
Fines were again removed by wet sieving through a 2 5 0 u m sieve. The sample was
collected in a 200 ml beaker and covered with distilled water.
3) Samples were placed in an ultrasonic water bath for 10 - 50 minutes to further
remove fine sediment and cements. Afterrinsing,to remove grain-coating cements and
detritus, samples were etched with 2 M H C 1 until approximately 1 0 % of the sample was
digested. Samples were rinsed with distilled water and checked under a binocular
microscope for any remaining cements. Where a sample retained cement on more than
approximately 5 % of grains they were further etched and rechecked under the microscope.
4) Samples were air dried at room temperature. Between 1.5 - 2.0 g of the dried
sample was weighed for analysis. Relatively large samples were required when there was
a significant component of volcanic grains.
A4.1.1 Removal of organic contamination
Sykes et al. (1996) found contamination in the intercrystalline organic fraction in mollusc
shells can produce anomalously low D/L ratios but this fraction can be removed by
treatment with a strong oxidising agent (e.g. N a O C l was used by Sykes et al, 1996). In
this study, samples (both Placostylus and "whole-rock" samples) showing signs of this
form of contamination (after the preparation steps described above) by the presence of
algae, lichen or mould (as seen in thin-section, or under a binocular microscope) were
treated with peroxide (-20% H 2 O 2 ) until any reaction ceased (up to 5 days) and then
cleaned as per steps 3 and 4 above.

A4.2 Chemical procedures
Both mollusc and "whole rock" aeolianite samples in which the amino acid total acid
hydrolysate fraction was analysed were prepared for gas chromatography following the
chemical procedures described below. Samples in which the free amino acid fraction was
analysed were not hydrolysed (step 3 below).
A4.2.1 Acid hydrolysis and sample purification
1) Samples were placed in beakers and the carbonate was slowly completely
digested by adding successive drops of 8 M HC1. The slow digestion ensured a minimum
volume of solution for the ion exchange columns.
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2) The digested shells and "whole-rock' samples were transferred from beakers to
25 ml glass culture tubes using pasteur pipettes. Each beaker wasrinsed3 times with 0.75
ml of 8 M HC1, which was added to the sample in the glass culture tube.
3) Glass culture tubes were subsequently capped and samples were hydrolysed in
an oven set at 110° C for 16 hrs.
4) After removal from the oven and cooling to ambient temperature, samples were
filtered (Whatman N o 2 filter paper) then transferred to ion exchange columns (10 gms of
Biorad A G 5 0 W - X 8 cation exchange resin) for desalting, using a Pasteur pipette. The
culture tubes were rinsed 3 times with 0.75 ml of 0.002 M H C 1 , which was also
transferred to the ion-exchange columns. (Immediately before the sample transfer the ionexchange columns were conditioned with 5 ml 8 M HC1, followed by 30 ml of 1 M HC1.
The resin was then washed with 150 ml offiltered/distilledwater).
5) After the samples had passed through the cation-exchange columns they were
washed with 20 ml offiltered/distilledwater (all to waste). A m i n o acids were eluted from
the columns with 17 ml of 2 M N H 4 O H collected in 50 ml round bottom flasks.
6) Samples in the round bottom flasks were snap shell frozen with liquid nitrogen
and placed on a freeze dry unit overnight.

A4.2.2 Derivatisation
1) 3 ml offiltered/distilledwater was added to the flasks containing the dried
samples, swirled to capture the sample, and transferred using a pasteur pipette to 3 ml
reacti-vials (preformed with threerinsesof 1 ml to maximise sample transfer). During the
transfer the samples werefilteredusing Whatman No.2 filter paper (7 cm: Qualitative).
2) Reacti-vials were placed on a Pierce Reacti-Therm heating module set at 70° C
and their contents were evaporated under a stream of dry nitrogen to complete dryness.
3) Esterification: 250 u X of Propan-2-ol/HCl (3.3 N ) was added to the samples
using an automatic pipette. Each vial was quickly flushed with nitrogen before capping,
and samples were placed in an oven set at 110° C for 1 hour.
4) Reacti-vials were removed from the oven and cooled to room temperature.
5) Samples were dried under a stream of dry nitrogen using the Pierce ReactiTherm heating module at ambient temperature.
6) Acylation:

250 p.L of dichloromethane ( C H 2 C 1 2 ) and then 50 u X of

pentafluoropropionic acid anhydride (PFPA) were added to the reacti-vials using
automatic pipettes. Reacti-vials were quickly flushed with nitrogen before capping and
swirling. They were placed in an oven set at 110° C for 10 min.
7) Reacti-vials were removed from the oven and allowed to cool to ambient
temperature before being placed in a cooled aluminium block (-10° C). The block was
placed in the Pierce Reacti-Therm heating module (not heated). Samples were then
brought to dryness under a stream of dry nitrogen.
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8) After quickly flushing with nitrogen the reacti-vials were sealed, the esterified
samples n o w being ready for gas chromatography.

A4.3 Gas Chromatography
The N-pentafluoroproprionyl - D, L-amino acid isopropyl esters were analysed in a
Hewlett-Packard model 5 8 9 0 A series II Gas Chromatograph fitted with a Chrompack 25
m (total length) fused silica glass coated column (0.25 m m inside diameter), coated with
the stationary phase Chirasil-L-Val. Detection of the amino acid esters was achieved using
a flame ionisation detector (F.I.D.), with a high purity helium carrier gas.

Immediately before the injection of a sample into the gas chromatograph, 50 ul of CH2CI
was added to the sample with an automatic pipette and the vial was capped and swirled to
capture as m u c h of the sample as possible from the wall of the vial. The chromatograph
temperature program involved,
1) an initial temperature of 60° C for 2 minutes,
2) a ramp at 4° C per minute up to 196° C, and
3) a plateau at 196° C for 10 minutes.
Each sample was injected at least twice into the chromatograph to check for instrument
error.

Individual amino acid peak areas were integrated using a Hewlett-Packard HP 3396 Series
II Computing Integrator allowing D to L enantiomer ratios to be calculated. Alanine,
valine, alloisoleucine/isoleucine, leucine, aspartic acid, phenylalanine and glutamic acid D
and L peaks were measured for all samples.

A4.4 Analysis of the AAR Placostylus and "whole-rock" data
The data matrices obtained using the Cosine-theta clustering algorithm are presented
below in Table A4.1. Cluster analysis was also performed using the Wards cluster model
( S A S Institute, 1994). T h e clustering models are discussed in section 4.2. The
dendrograms of the Placostylus and "whole-rock" data sets (Fig. A4.1) show similar
cluster patterns to the Cosine-theta dendrograms presented in Chapter 6. In the
dendrogram of Placostylus data formed by the Wards algorithm (Fig. A4.1a), three
clusters, 1 - 3, account for shells from palaeosols (2), protosols (1) and soil profiles (3)
respectively.
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Appendix

Dendrograms
The dendrogram of the "whole-rock" data (Fig. A4.1b) has 5 (A - E ) main clusters, in
which samples from the major lithostratigraphic units are incorporated into separate
clusters. Cluster A comprise samples of the beach and dune units of the Neds Beach
Formation; cluster B includes dune units of the Searles Point Formation; cluster C
comprises dune units from the Neds Beach Formation; cluster D incoporates dune units
from the top of the Neds Beach Formation, including units of the Middle Beach Member;
and cluster E contains samples of unconsolidated lagoonal sediment (E). There are two
minor differences between the Cosine-theta and the Wards dendrograms. Firstly, in cluser
B of the Wards dendrogram, there is clearer separation of samples of the Searles Point
Formation from samples of the Neds Beach Formation. Secondly, samples of units from
the lower section of the Neds Beach Formation, incorporated into one cluster in the
Cosine-theta dendrogram, are grouped into two clusters in the Wards dendrogram,
clusters A and C.
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a)
Placostylus data
Hierarchical Clustering, Method = Ward
nepe(3)
mbp14(5)
jbpb(7)
sppb(2)
jbpa(4)
mbqp(2)
nepc(4)
mbp5(2)
spps(2)
osbp(3)
jbps(2)

1
1}

b)
"Whole-rock" data
Hierarchical Clustering, Method = Wards
new8a(3)
nowl (2)
ccw2
ccw1(2)
brw1(2)
Ibw1(2)
ovwl (2)
now2
now4(2)
new9
jbwl
spw2
mbw12/5
bsw1(2)
Ic12w(3)
mbwb(2)
mbqwl
spw3(7)
mbw10(4)
jbw2
Iv9931
Iv9932
Iv9w(2)
Iv14w(2)
a) lgbw(2)

B

-J

Figure A4.1: Dendrograms of the AAR data sets, clustered using the Wards algorithm.
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A4.4.1 f-tests of the A A R "whole-rock" data
The data in Table A4.2 are "whole-rock" amino acid D/L ratios of the four aminozones.
The significance of the difference of the mean D/L ratios of each aminozone is assessed
using a two-tailed, ungrouped /-test (as described in Zar, 1984). The results of the t-tests
are presented in Table A4.3.

Table A4.2: AAR "whole-rock" data grouped into aminozones
D/L ratios
alanine

valine

isoleucine

leucine

aspartic
acid

phenylalanine

glutamic
acid

now2

0.773

0.479

0.806

0.580

0.709

0.571

0.512

now4(2)

0.824

0.514

0.846

0.624

0.720

0.579

0.574

mean

0.799

0.497

0.826

0.602

0.715

0.575

0.543

sample(n)
aminozone A

aminozone B1
new8a(3)

0.707

0.375

0.591

0.483

0.635

0.438

0.432

new9

0.557

0.246

0.400

0.354

0.551

0.37

0.380

mbw12/5

0.628

0.318

0.490

0.415

0.598

0.444

0.381

now1(2)

0.651

0.352

0.556

0.471

0.631

0.446

0.399

brw1(2)

0.674

0.361

0.575

0.508

0.627

0.564

0.423

0.530

0.634

0.500

0.376

ovw1(2)

0.632

0.378

0.570

spw2

0.608

0.289

0.478

0.368

0.571

0.325

0.348

0.617

0.479

0.395

ccw1(2)

0.644

0.336

0.518

0.454

ccw2

0.634

0.360

0.518

0.480

0.624

0.440

0.408

0.526

0.422

Ibw1(2)

0.681

0.350

0.570

0.500

0.623

jbwl

0.578

0.280

0.449

0.359

0.581

0.418

0.370

0.421

0.353

bsw1(2)

0.626

0.294

0.496

0.413

0.573

Ic12w(3)

0.603

0.306

0.526

0.403

0.569

0.405

0.348
0.387

0.633

0.327

0.518

0.441

0.603

0.444

mbwb(2)

0.565

0.248

0.386

0.359

0.591

0.413

0.312

mbw10b(4)

0.504

0.226

0.359

0.302

0.527

0.367

0.300
0.313

mean
aminozone B2

mbqwl

0.550

0.249

0.398

0.329

0.516

0.411

jbw2

0.533

0.245

0.345

0.318

0.542

0.334

0.296

spw3b(7)

0.545

0.248

0.411

0.338

0.544

0.385

0.302

mean

0.539

0.243

0.380

0.329

0.544

0.382

0.305

Iv9931

0.170

0.066

0.095

0.076

0.323

0.133

0.156

Iv9932

0.211

0.095

0.141

0.104

0.345

0.175

Iv9w(2)

0.217

0.081

0.124

0.095

0.377

0.153
0.137

lgbw(2)

0.140

0.051

0.081

0.069

0.212

0.074

0.106
0.114
0.144

aminozone C

Iv14w(2)

0.113

0.046

0.080

0.059

0.348

0.074

mean

0.170

0.068

0.104

0.081

0.321

0.114

0.169
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Table A4.3: The results of t-tests of the "whole-rock" D/L ratios of aminozones A, Bl,

B2 and C
Unpaired t-test for D/L
Grouping Variable: aminozone
Hypothesized Difference = 0
Mean Diff. 0= t-Value
.172 12
2.664
A, B1
A, B2

.262

A, C
B1, B2

.508

B1, C

.336

B2, C

.246

.090

12
12
12
12
12

4.018
8.660
1.491
6.307
4.543

P-Value
.0206
.0017
<.0001
.1617
<.0001
.0007

Group Info for D/L
Grouping Variable: aminozone
Count Mean Variance Std. Dev. Std. Err
.049
.017
.129
7 .651
A
.042
.112
.012
7 .479
B1
.043
.114
.013
7 .389
B2
.032
.086
.007
7
.143
C

